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Foreword

(This Foreword is not a part of IEEE Std 291-1991, IEEE Standard Methods for Measuring Electromagnetic Field Strength
of Sinusoidal Continuous Waves.)

IEEE Standard 291-1991, on the measurement of electromagnetic field strength, updates,
consolidates, and supersedes three previously issued standards: 1) IEEE Std 284-1968, 2) IEEE Std
291-1969, and 3) IEEE Std 302-1969. Within the IEEE, this work has been coordinated with the
Antennas and Propagation Society Standards Committee, the Broadcast Technology Society, the
Electromagnetic Compatibility Society, and the Instrumentation and Measurement Society. The
standard has also been coordinated with the FCC and with the international organizations of CCIR
(International Radio Consultative Committee) and URSI (International Union of Radio
Sciences),

SI (rationalized MKS) units have been used throughout the document.,

This standard was prepared by the Subcommittee on Field Strength Measurement of the Wave
Propagations Standards Committee. At the time that this standard was approved, the Subcommittee
on Field Strength Measurement had the following membership:

M. Kanda, Chair

G. H. Hagn E. B. Larsen

R.D. Orr
D. A, Hill G.8.8

mith
The Wave Propagation Standards Committee (WPSC) of the IEEE Antennas and Propagation

Society (APS), which balloted and approved this document for submission to the IEEE Standards
Board, had the following membership:

W. A. Flood, Chairman G. H. Hagn, Vice Chairman
S. A. Bowhill G. A. Hufford P. L. Rice
G. S. Brown M. Kanda E. 8. Schmerling
J. F, Cavanagh R. J. King* E. K. Smith
T. A. Croft C. H. Liu G. S. Smith
K. Davies G. H. Millman W. L. Stutzman
W. L. Flock R. K. Moore W. J. Vogel

*Past Chair

The subcommittee, the WPSC, and the APS appreciate the assistance of all those who contributed
to this standard.

. The final conditions for approval of this standard were met on April 2, 1991, This standard was
conditionally approved by the IEEE Standards Board on March 21, 1991 with the following
membership:

Marco W. Migliaro, Chairman Donald C. Loughvry, Vice Chairman
Andrew G. Salem, Secretary

Dennis Bodson Thomas L. Hannan John E. May, Jr.
Paul L. Borrill Donald N. Heirman Lawrence V. McCall
Clyde Camp Kenneth D. Hendrix Donald T. Michael*
James M, Daly John W. Horch Stig L. Nilsson
Donald C. Fleckenstein Ben C. Johnson John L, Rankine
Jay Forster* Ivor N. Knight Ronald H. Reimer
David F. Franklin Joseph L. Koepfinger* Gary S. Robinson
Ingrid Fromm Irving Kolodny Terrancé R. Whittemore

Michael A. Lawler

*Member Emeritus
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IEEE Standard Methods for Measuring
Electromagnetic Field Strength of Sinusoidal
Continuous Waves, 30 Hz to 30 GHz

1. Introduction

1.1. General. Most measurements relating to
radio wave propagation involve the measure-
ment of field strength. Standard methods for
the measurement of this fundamental quan-
tity are described in this document. The power
radiated from an antenna (Section 3) also
may be determined by measurement of field
strength,

1.2. Symbols and Units. The general symbols
used are given in the following list, together
with units to be used when the symbols appear
in equations containing numerical coef-
ficients. When more specific or restrictive
meanings are indicated by subscripts, the
symbols are further defined after the equation
in which they are used.

Attenuation, numeric,
Amperes.

Area of a loop antenna, in m2.
Norton approximation to
Sommerfeld attenuation funec-
tion, numeric,

Cable attenuation, in dB.
Effective noise power bandwidth,
in Hz. '

Impulse bandwidth, in Hz.
Velocity of propagation of an
electromagnetic wave in a
vacuum = 2.9979246 108 m/s.
Capacitance, in F,

Incident coupling factor for 4-
port dual directional coupler, nu-
meric.

Reflected coupling factor for 4-
port dual directional coupler, nu-
meric.

Distance from transmitter to re-
ceiver, in m.
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Maximum dimension of an an-
tenna, in m.

Root-mean-square (RMS) value
of electric field strength, in V/m.
wave electric field
strength, in V/m.

Effective isotropically radiated
power, in W,

Frequency, in Haz.

Intringic power gain of an
antenna over that of an isotropic
antenna, considering its direc-
tive gain minus dissipative
losses but not its loss caused by
impedance mismatches, numer-
ic. The gain of a transmitting
antenna is equal to 4% times the
ratio of the power density in a
given direction to the net power
delivered to the antenna from the
transmitter,

Gain of a short dipole at the sur-
face of a lossy ground, numeric.
Equivalent gain relative to an
isotropic antenna, numeric.
Power gain of the transmitting
antenna in a given direction,
numeric,

Standardized receiver gain, nu-
meric.

10 logiog = Antenna gain, in dB,
relative to an isotropic antenna
(dBi).

10 logio8e =
dBi.

Height of a grounded vertical
monopole antenna, in m.
Height of an antenna above
ground, in m,
Root-mean-square (RMS) mag-
netic field strength, in A/m.
Inductance, in H. '

Equivalent gain,
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Root-mean-square (RMS) anten-
na current, in A,

Antenna factor, in reciprocal
meters (m-1),

Antenna factor, in dB(m1).
Effective length of an antenna,
in m,

Physical length of an antenna,
in m,

Number of loop turns, numeric.
Numerical distance.

Power, in W.

Impedance mismatch factor, nu-
meric.

2n times the ratio of energy stored
to energy dissipated per cycle. @
is also expressed as the ratio of
reactance to series resistance at
resonance,

Radius of a transmitting loop an-
tenna, in m.

Radius (or mean radius) of a re-
ceiving loop antenna, in m.
Resistance, in Q; real part.of
antenna input impedance, in Q.
Real part of load impedance, in
Q,

Power flux density of an electro-
magnetic wave, in W/m2,
Root-mean-square (RMS) volt-
age, in V.

Voltage standing wave ratio,
numeric,

Open-circuit voltage across the
center gap of a dipole, in V.,
Imaginary part of antenna input
impedance, in Q.

Imaginary part of load imped-
ance, in Q,

Antenna input impedance, in Q.
Load input impedance, in Q.
Characteristic impedance, in Q.
Voltage reflection coefficient.
Permittivity of free space

= (uge?)y! =2 8.854 -10-12 F/m

= (3671091 F/m.

Real part of ground permittivity
relative to that of vacuum.
Radiation efficiency of an an-
tenna, in percent.

Intrinsic wave impedance of free
space = Y io/eq = 4me10°7
=376.7303 (= 120r) Q.
Wavelength, in m,

Li censed by Information Handling Services

Uo = Permeability of free space
= 47107 H/m,

o = Real part of ground conductivity,
in S/m.

T = Pulse duration, in s.

0 Angle between ﬁeff, the (vector)

effective antenna length and Eo,
the (vector) electric incident
field.

Unless otherwise stated, units are assumed
to be those of the International System (SI). For
convenience, several relationships and pre-
fixes are tabulated below.

lin = 0.0254m

Imi = 1609.34m

1m = 0.000621371 mi

1in2 = 0.00064516 m2

1m?2 = 1550.008 in2
pico (p) =1012 deka (da) =10
nano (n) =102  hectoh) =102
micro () =106  kilo (k) =103
milli (m) =108  mega (M) =10°
centi (¢) =102 giga (@) =10°
deci (d) =101 tera (T) =1012

1.3 Terms Used in This Document.

1.3.1 Field Strength of an Electromagnetic
Wave. A general term that usually means the
magnitude of the electric field vector (in V/m)
at a point in the field, but which may mean the
magnitude of the magnetic field vector (in
A/m). Field strength has sometimes been
called field intensity, but this usage is now
deprecated since intensity connotes power in
optics and in radiation. At frequencies above
about 100 MHzgz, field strength in the far field is
sometimes identified with power density, S.
For a linearly polarized plane wave in free
space, S = E2/m, = E2/(uy/eo)t’2, where E is the
electric field strength and u, and g, are the
permeability and permittivity of free space,
respectively. When S is expressed in W/m?2
and E in V/m, the denominator is often
rounded off to 120x or 377 Q.

1.3.2 Accuracy. The degree of freedom from
error, that is, conformity to the correct value.
Accuracy is distinguished from precision,
which is defined as the repeatability of mea-
surement data and is usually quantified as the
standard deviation of that data. The accuracy

I nc




IEEE 291 91 WM 4805702 0055014 5 W

FIELD STRENGTH OF SINUSOIDAL CONTINUOUS WAVES, 30 Hz TO 30 GHz

of an indicated value is expressed by the ratio
of the error of the indicated value to the true
value. It is usually expressed in + % or * dB.
Since the true value cannot be determined ex-
actly, the measured or calculated value of
highest available accuracy is taken to be the
true value or reference value. Hence, when a
meter is calibrated in a given echelon, the
measurement made on a meter of a higher ac-
curacy echelon usually will be used as the ref-
erence value. Comparison of results obtained
by independent measurement procedures is
often useful in establishing the. true value and
its precision,

1.8.3 Echelon. A specific level of accuracy of
calibration in a series of levels, the highest of
which is represented by an accepted national
standard, There may be one or more auxiliary
levels between two successive echelons. The
classification of accuracy levels into echelons
is shown in Section 4.

1.3.4 Calibration Factor. The factor that, at a
given frequency, expresses the relationship
between the field strength of an electromag-
netic wave impinging upon the antenna and
the indication of the field strength meter. It is
a function of the antenna gain and imped-
ance, receiver linearity, ete.

1.3.5 Antenna Factor. That portion of the
calibration factor of a field strength meter that
is determined by the characteristics of the an-
tenna. It is usually defined as the ratio of the
field strength to the voltage developed across a
specified receiver resistance, such as 50 Q. It
is often expressed in dB, as in the following
equation for the electric-field antenna factor
(K) for the special case of an antenna con-
nected to a 50 Q receiver (B, = 50 Q).

E in V/m .
=20 logio (m) in dBm)
(Eq1)

1.4 Complications That are Avoided. This re-
port is limited to the art of measuring field
strength of steady-state sinusoidal continu-
ous-wave emissions, Signals that must be
measured in practice are not usually in this
limited class because they have time varia-
tions such as modulation or fading, Further-
more, some signals (such as impulsive
interference) may occupy a band of frequen-
cies far wider than the bandwidth of the mea-
suring instrument. Nonsteady-state, non-

COPYRI GHT Institute of Electrical and El ectroni cs Engineers,
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sinusoidal signals will not be discussed here,
except to mention that they may often be
measured with instruments calibrated under
continuous-wave (CW) conditions, taking
into account certain additional factors de-
pending on the behavior of the measuring
equipment (see [1] and [2])!, or with instru-
ments calibrated under special conditions.
Care must be exercised when measuring
fields that are best described as random vari-
ables, for significant errors can occur when
such measurements are made using detectors
calibrated with CW fields (see 1.5.2).

An electromagnetic field often has a com-
plex structure as a result of the existence of
more than one propagation path. Components
may arrive at the measuring location from
several directions, and they may have differ-
ent polarizations, The resultant field strength
varies with position and may vary in ampli-
tude and phase across the dimensions of the
receiving antenna. The indication of a field
strength measuring instrument in such a case
may not be unique because its calibration is
obtained in terms of a plane wave. To avoid
confusion, it is necessary to add to the mea-
surement report a statement giving the type,
polarization, and size of the receiving an-
tenna, its orientation, and the possible exis-
tence of multipath propagation.

Similar considerations apply to measure-
ments made in the near field of a source or re-
flector of the field. In such regions, the field
may be nonuniform within the dimensions of
the antenna. The field strength can then be
considered to be the indication of a measuring
receiver with a stated type and size of antenna
when the equipment has been calibrated under
conditions equivalent to plane-wave free-
space propagation, For measurements related
to a particular communication service, it is
appropriate to use an antenna typical of those
normally used in that service.

1.5 Equipment for Measurement of Field
Strength, Field strength measurement is ac-
complished through the use of a combination of
the following elements (see Fig 1):

(1) An antenna
(2) A transmission line, optical link, or
other coupling networks

IThe numbers in brackets correspond to those of the bib-
liographies in Section 6.
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(3) Frequency-selective circuits

(4) Amplifying and attenuating circuits

(5) A detector of known input/output char-
acteristics and sufficient dynamic
range

(6) An indicating device such as a panel
meter, chart recorder, cathode ray tube,
or digital readout

In addition, unless the amplifying and
indicating devices are sufficiently stable in
gain and sensitivity to be relied upon through-
out the time interval between calibrations, it is
necessary to provide a signal source having
the required time stability in output level to
serve as a reference by which the sensitivity of
the equipment may be adjusted to a standard
condition. Typically, this signal source is a
CW signal generator, an impulse generator,
or a random-noise generator,

Measurement of field strength is sometimes
performed with an assembly of individual
elements such as an antenna, receiver, re-
corder, and standard signal generator. These
measurements, however, are facilitated by the
use of a “field strength meter,” a name given
to a specialized portable unit containing all the
necessary elements, including a reference-
level signal source and sometimes a built-in
antenna,

1.6 Factors Affecting the Units Used for Re-
porting the Results of Field Strength Mea-
surements. The components of a basic re-
ceiver for measuring field strength affect the
quantities measured and the units applied to
these quantities. The receivers used for field
strength meters (FSMs), less properly called
field intensity meters (FIMs), in use today
employ the following five basic elements:

(1) Antenna and related circuits (e.g.,
baluns, transmission lines)

(2) Receiver (rf and IF)

(3) Detector

(4) Metering or data processing device

(5) Calibrator (which may be internal or
external to the receiver, see Fig 1)

The antenna and receiver (through the IF
amplifier) select the signal spatially and
spectrally, respectively, and provide amplifi-
cation, In the case of a relatively narrow-band
antenna and wide-band receiver, the antenna
may also contribute to the spectral filtering

COPYRIGHT Institute of Electrical and El ectroni cs Engineers,
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process. The antenna polarization, of course,
is also important. The units used to describe
the results of a given measurement are deter-
mined primarily by the calibrator, the detec-
tor, and the meter. The antenna and receiver
characteristics, however, are often used to
normalize the data in a way that directly af-
fects the units used to report the results. These
normalizations will be considered first.

The antenna normalization, which relates
electromagnetic field guantities and their
units to circuit quantities and their units, in-
volves converting a known (measured) circuit
quantity (e.g., voltage) to a field quantity
(e.g., electric field strength) by means of a
known antenna factor (see 1.3.5). Hence, a
standard (or calibrated) antenna must be
employed in order to be able to properly per-
form this normalization that relates the re-
ceived voltage in V to an incident electric field
in V/m. Other units for field strength include
uV/m and dB above 1 uV/m, often written as
dB (1 uV/m). If the antenna effective area is
used to normalize a receiver power, typical
units for the power density would be W/m2 and
dB above 1 W/m?2,

The receiver normalization involves the ef-
fective bandwidth when the spectral range of
the wave whose field strength is being mea-
sured exceeds the receiver’s bandwidth. The
measured voltage (or power) is observed in
some bandwidth, and results may be normal-
ized in terms of a unit bandwidth (1 Hz, 1 kHz,
or 1 MHz). This approach is relatively
straightforward for white noise (i.e., noise
with a constant power spectral density over the
frequency band of interest) and the normal-
ization of average noise power or rms voltage,
but it can lead to problems of misinterpretation
or error when used in measuring the field
strength of signals with nonwhite power
spectra. Normalization with respect to band-
width can be applied to both electromagnetic
field and circuit quantities and leads to units
such as W.m-2.Hz"! and dB above 1 uV/MHz,

Care must be taken to select the appropriate
bandwidth for normalization (e.g., effective
noise-power bandwidth, &, or impulse band-
width, b;). It is well known that the peak re-
sponse at the output of a narrowband linear re-
ceiver to a noise impulse at the receiver input
is proportional to the area under the voltage-
time waveform of the impulse. This peak re-
sponse is independent of the exact shape of the
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input waveform, provided the duration of the
impulse is small relative to the inverse of the
impulse bandwidth of the receiver, b;. For ex-
ample, if the output of a pulse generator is a
single rectangular pulse of amplitude A V and
duration 7 s, then the peak of the output wave-

form of the receiver can be expressed as
V(peak) = (A1) by, in V (Eq 2)

where
k is the constant of proportionality.

The impulse bandwidth can be computed
from

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

have produced an identical output. The ob-
served quantity, V(peak), can give informa-
tion only about the impulse strength in volt-
seconds, but not information about the exact
amplitude, duration, or shape of the impulse.
For this reason, it is expedient to calibrate
peak detectors intended for use in measuring
nonoverlapping noise impulses with impulse
calibrators. The output of the calibrator is
given in volt-seconds, or dB (1 uV/MHz),

The detector in Fig 1 is designed to produce
the desired statistic of the noise envelope to be
measured. This gives rise to the basic quantity
to be metered (e.g., rms voltage, average volt-
age, quasi-peak voltage, or peak voltage). The
units in which the statistics are measured de-

1 1 e pend upon the calibration source, the detector,
b; ~ V(peak) oj Vie)dt (Eq 3) and the meter (or data processor or both). As an
example, consider rms-voltage, peak-voltage,

and average-voltage detectors. The impor-

where tance of the calibration waveform is illus-

V(t) is the envelope of the receiver’s impulse
response measured at the receiver IF output.

Notice that an input of twice the amplitude
(24) lasting but half the duration (¢/2) would

trated in Table 1 (see [B651), which gives the
error produced for several selected waveforms
when rms, peak, and average detectors are
calibrated with the rms value of a sine wave
from a CW signal generator.

Table 1
Examples of Errors When Using Average and Peak Meters Calibrated
With the RMS Value From a Sine Generator to Observe Other Waveforms

Rectified
RMS Meter Average Meter Peak Meter Error (dB)
Waveform Indicates (Calibrated (Calibrated
in RMS) in RMS) Average Peak
Indicates Indicates Meter Meter
Sine wave 0.707 0.707 0.707 0.00 0.00
Sine wave plus
100% Third
Harmonic
In phase 1.000 0.944 1.09 -0.60 0.76
Out of phase 1.000 0.472 0.382 -6.52 -8.36
Square wave 1.000 1111 0.707 +0.91 -3.00
Gaussian noise 1.000 0.887 — -1.08 —
Pulse train
Duty cycle = 0.1 0.318 0111 0.707 914 +6.10
Duty cycle = 0.01 0.100 0.011 0.707 -19.17 +16.99

Reprinted from [B65], copyright © 1971 John Wiley & Sons, Inec., by permission of John Wiley & Sons, Inc.
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1.7 Division into Frequency Ranges. It is con-
venient to classify techniques for measure-
ment of field strength into three approximate
frequency ranges as follows:

1)
2
(3)
4

Frequencies below 30 MHz

Frequencies from 30 MHz to 1 GHz
Frequencies from 1 GHz to 30 GHz
Frequencies above 30 GHz (beyond the
scope of this standard)

This division is useful because the optimum
technique is determined by the dimensions of
practical antennas, the wavelengths of sig-
nals to be measured, and the effects of the ter-
rain at and near the measurement location.

Below about 30 MHz, practical antennas are
usually small compared to one wavelength. A
common measuring antenna is a loop having
one or more turns, often electrically shielded,
with a diameter of 0.3 to 1 m. Another type is
the short monopole (rod or whip) antenna with
a length of 0.1 to 3 m. Both of these antenna
types are electrically small and have low
efficiency. That is, the radiation resistance is
low compared with the loss resistance.

Also, below 30 MHgz, it is usually necessary
to measure field strength at heights that are
electrically near the earth. The characteris-
tics of the ground and nearby vegetation, con-
ductors, and structures affect differently the
polarization, angle of arrival, and the
strength of the electric and magnetic compo-
nents of the field. They may also influence the
antenna input impedance. Measurements us-
ing electrically-shielded loop antennas are
usually influenced less by nearby objects than
those using rod antennas,

From about 30 MHz to 1 GHgz, practical an-
tennas have dimensions that are comparable
to one wavelength., A common antenna for
field-strength measurements in this range is
a half-wave (A/2) resonant dipole. The dipole
is usually connected to the measuring instru-
ment by use of a balanced-to-unbalanced
transformer (balun) and a coaxial transmis-
sion line. A A/2 dipole differs from the loop
and rod antennas in that it is more efficient.
Broadband antennas or highly-directional
antennas are sometimes used in the upper
portion of this frequency range.

Above about 1 GHz, the collecting area of a
dipole becomes too small to provide the desired
sensitivity. At these frequencies, it is common

COPYRI GHT Institute of Electrical and El ectroni cs Engi neers,
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to employ antennas collecting energy from
apertures that are large compared with one
wavelength, such as horns. These antennas
are usually characterized by high efficiency
and appreciable directivity. Coaxial or wave-
guide transmission lines are usually em-
ployed.

1.8 Calibration Procedures and Standards.
When a field-strength measuring instrument
is adjusted to standard sensitivity by using a
reference source, the reading of the indicating
device is converted to field strength by applica-
tion of a calibration factor that usually varies
with frequency. Typical general-purpose field
strength meters have several continuously-
tuned frequency ranges and an amplitude
range of 80 to 120 dB. The calibration of such
an instrument at only a modest sampling of
frequencies and signal levels may require a
large number of measurements.

Calibration methods may be classified into
the following two basie types:

(1) Direct Calibration. The antenna is ex-
posed to an electromagnetic field, the
strength of which is accurately known,
see [B77], (B93l. The field strength may
be known by computation from the mea-
sured current in, or power delivered to,
a transmitting antenna of known di-
mensions and current distribution or
gain. In this approach, known as the
standard-field method, the effects of
ground reflections or reflections from
the walls of an anechoic chamber (Gf
present) must be accounted for. This
can be achieved by averaging the in-
phase and out-of-phase reflections (see
[B69]) as the separation distance be-
tween the transmitting and receiving
antennas is varied. Alternatively, the
field strength may be determined from
the voltage induced in (or power avail-
able from) a special receiving antenna
of known dimensions or gain. This
latter approach is called the standard-
antenna method. In principle, a field-
strength meter may be directly cali-
brated by the use of known field
strengths at all levels and frequencies
in its range. For practical reasons,
however, such calibrations are usually
performed at only one or two levels at
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each required frequency. These mea-
surements are supplemented by mea-
surements of attenuator step accuracy,
dial scale accuracy, ete.

(2) Indirect Calibration. In indirect cali-
brations, the calibration factor is caleu-
lated from the computed or measured
characteristics of the receiving an-
tenna and measured instrument char-
acteristics. The antenna is removed
from the field-strength measuring
equipment and replaced by a calibrated
standard-signal generator having an
impedance equal to that of the antenna,
The equipment is calibrated as an rf
voltmeter (or power meter) against the
standard signal generator. An an-
tenna factor is computed for each fre-
quency from the dimensions and cur-
rent distribution of the antenna, from
consideration of the antenna as an
aperture, or from the measured gain of
the antenna. If a transmigsion line is
used between the antenna and receiver,
it is possible to consider it as part of the
receiver and connect the calibrating
generator to it, thus avoiding the need
for separately determining the trans-
mission line loss and compensating for
such loss.

The theoretical computation of the receiving
antenna factor is facilitated by the use of sim-
ple types of antennas. For example, a thin,
short, vertical-monopole antenna (shorter
than 0.1 wavelength) located over an extensive
ground plane may be assumed to have a linear
current distribtition, making its effective
length equal to half its physical length. Its
impedance can be simulated approximately by
a series capacitor connected between the stan-
dard signal generator and the input of the
measuring receiver. A second example is the
thin half-wave dipole antenna with assumed
sinusoidal current distribution. This antenna
has a theoretical effective length of A/mw and a
radiation resistance of approximately 70 Q in
free space.

A standard thin cylindrical dipole must
have a length several percent shorter than a
half wavelength in order to achieve self-reso-
nance. Its radiation resistance is then less
than that of an infinitesimally thin A/2 an-
tenna. This is due to the effect of finite cylin-

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

der thickness on the current distribution. The
directional pattern of a practical dipole, how-
ever, does not differ much from that of an in-
finitesimally thin dipole, and thus its gain
and available power remain close to the theo-
retical values. A practical dipole may there-
fore be considered essentially equivalent to a
theoretical thin dipole plus a transformer to
account for the change in radiation resis-
tance. A balun is an additional transformer
that may introduce error unless its im-
pedance-matching characteristics are opti-
mized and its loss taken into account, see
[B75].

The gain of an antenna may be measured by
comparison with a standard-gain antenna
that has been calibrated previously or whose
gain can be calculated theoretically. The gain
also may be determined from measurements
using two “identical” antennas, one for
transmitting and the other for receiving, see
[B11]. Similar to a two-antenna gain calibra-
tion, the more general three-antenna tech-
nique can be used. In this case, it is not neces-
sary to have two identical antennas. The
gains of all three antennas are obtained from
three sets of measurements, each involving a
pair of two antennas, see [B69]. Measurements
of antenna gain should include the loss of any
associated balun, isolator, or impedance-
matching devices that are used.

Calibrated-signal generators, attenuators,
power meters, and thermoelements for mea-
surement of rf current in terms of direct-cur-
rent standards are the principal reference
standards used in the calibration of instru-
ments for measuring field strength. Accurate
scales are used to determine antenna separa-
tion distance and the dimensions of standard-
field transmitting loops, aperture antennas,
and standard receiving dipoles. Other cali-
brated standard-gain transmitting antennas
also may be required. e

2. Methods of Measuring Field Strength

2.1 General. Two general methods are appli-
cable to the measurement of field strength, see
[B39], [B85] and [B93]. One methods consists of
measuring the received power or open-circuit
voltage induced in a standard receiving an-
tenna by the EM field to be measured, and then
computing the field strength in terms of the
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measured power or voltage and the dimen-
sions and form of the standard receiving an-
tenna. The other method consists of compar-
ing voltages produced in an antenna by the
field to be measured and by a standard field,
the magnitude of which is computed from the
type and dimensions of the transmitting an-
tenna, the net power delivered to the transmit-
ting antenna (or its current distribution), the
antenna separation distance, and the effect of
the ground. For the standard receiving an-
tenna method, there are special requirements
for the antenna and the power or voltage mea-
suring equipment. Field-strength measure-
ments are often made using commercially
available meters that have been calibrated in a
known field determined by either of the two
above methods. A calibration service is main-
tained by the National Institute of Standards
and Technology for field-strength meters in
the frequency range of 30 Hz to 30 GHz. For
information, write to the National Institute of
Standards and Technology, Electromagnetic
Fields Division, 325 Broadway, Boulder, CO
80303, USA.

2.1.1 Standard Receiving Antenna Meth-
ods. In the standard receiving antenna met-
hod (see [B77} and [B85]), the antenna is of
some standard form such as a thin dipole or a
pyramidal horn (see [B49]) of known gain.
The open-circuit rf voltage, Vi, induced in a
dipole by an incident field, Ej,., of given
strength and polarization can be calculated
theoretically, see [B77]. The ratio of this volt-
age to the component of electric field producing
it is called the effective length, L, of the an-
tenna. If the direction of polarization of E;y is
parallel to the dipole,

Leyy = Vod/Eine (Eq 4)

Effective length is _)usually defined as a
vector such that Vo = Logr - Einc. The scalar,
Ly, is equal to the magnitude of Lggr times j)he
cosine of 0, where 0 is the angle between L
and Ej,, the incident vector field.

The method of coupling a standard dipole to
the voltage-measuring instrument is gener-
ally such that the voltage measured is not the
total voltage induced by the field but is a fixed
fraction of it. For example, the ratio of the de-
tected dc voltage to the rf voltage induced in the
antenna by the field is called the voltage
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transfer ratio. A separate determination of
this ratio is usually required, see [B19].

A standard voltage source is often provided
as part of the field-strength measuring appa-
ratus for calibrating the voltmeter. The term
“yoltmeter” is used here for the radio receiv-
ing portion of the overall instrumentation.
The calibrating voltage may be fixed or ad-
justable over a wide range. It may be inserted
in series with the standard antenna or at some
point in the coupling circuit, or it may be ap-
plied to the input terminals of the voltmeter in
place of the coupling circuit. The voltmeter is
calibrated at various levels corresponding to
the voltages being measured. The method used
to determine the voltage-transfer ratio gener-
ally depends on the particular form of antenna
and circuit arrangement employed.

The field-strength value is calculated on the
basis of the antenna gain or its effective length
and voltage-transfer ratio. In some instances,
it is difficult to calculate accurately the effec-
tive length of an antenna being used. In such
cases, the product of the effective length and
voltage-transfer ratio can be determined di-
rectly from a measurement of the output volt-
age of the antenna across a specified load
impedance when it is placed in a standard
field. The reciprocal of this product is called
the antenna factor, This is the procedure usu-
ally followed in the calibration of commercial
field-strength meters. The value of the an-
tenna factor includes the gain of the receiver.

The form of standard receiving antenna
that may be used is governed by the signal fre-
quency, by the polarization of the field compo-
nent to be measured, by the nature of the field
(i.e., high or low strength, fading or steady,
etc.), and by the ease of handling the antenna,
see [B23], [B24], [B38], [B68], [B77] and [B78].
The types generally employed are the loop an-
tenna, the vertical or horizontal dipole having
a length of A/2 or less, a vertical monopole with
output between its lower end and ground, a
pyramidal horn, and an open-ended waveg-’
uide (OEG). Other types of antennas can also
be used, in which case they are calibrated in
terms of one of the simpler antennas just
mentioned.

Measurements of field strength in radio
communication services are often made with
complex types of antennas and arrays. They
generally offer the advantages of operating
convenience, increased sensitivity, and inter-
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ference discrimination. The complex an-
tenna can be calibrated by comparison with a
simple standard antenna. This calibration,
however, may be in error because of differ-
ences in the directivity of the antenna under
test and the simpler comparison antenna. For
example, a standard dipole will not discrimi-
nate as effectively against a ground-reflected
ray as will a high-gain log periodic antenna.

2.1.2 Standard Transmitting Antenna
Methods. In this method a standard (known)
field is produced by a local transmitter. The
field at the receiving antenna location is com-
puted from the gain or effective length of the
transmitting antenna, its radiated power or
current distribution, the distance from the
transmitting antenna to the field point, and
the effect of reflections from the ground,
chamber surfaces, or other objects, see [B39]
and [B85]. The measuring equipment asso-
ciated with the receiving antenna generally
consists of a power meter or a frequency-selec-
tive voltmeter, such as a spectrum analyzer or
an interference meter (receiver). When the
angles of arrival of the transmitted standard
and measured fields differ, a correction must
be applied for any resultant difference in the
voltages caused by directivity of the antennas
and effects of the ground.

2.1.8 Simplifications and Precautions, The
problem of field-strength measurement is
generally complicated by the complex nature
of the field resulting from variability of the
transmission medium (see [B11], [B19], [B69],
and [B75]), by the nature of the emission (see
[B21] and [B24]), and by the influence of the
ground or disturbing structures, see [B24],
[B38], and [B87]-[B89]. Simplifying approxi-
mations are introduced into measurement
methods to keep the instrumentation from be-
coming unduly complex and to facilitate
analysis of the data.

In the case of ionospheric or tropospheric
wave fields, a complete measurement would
involve determination of

(1) The field strength of the vertical, longi-
tudinal, and lateral electric and mag-
netic field components for each signal
frequency at the receiving point

The phase angles between the different
field components

The direction of arrival of each signal
component

@)
(3)
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Fortunately, considerable practical infor-
mation can be obtained by measuring only
three mutually-orthogonal components of the
field, see [B23]. Simple forms of receiving an-
tennas are especially useful, employing (for
example) three crossed dipoles or three crossed
loops to measure the “total magnitude” of the
electric or magnetic field strength.

A simplification in the measurement of
complex emissions may often be achieved by
removing the transmitter’s modulation so that
a single-frequency field (the carrier) is mea-
sured. In emissions without a carrier wave,
such as a single-sideband transmission, it is
sometimes desirable to restrict the modulation
to a single frequency so that a single-fre-
quency field is measured., Occasions arise,
however, when it is necessary to retain the
normal modulation, such as when consider-
ing the interfering effect of cross-modulation
products or single-sideband emissions. When
measuring the harmonic content of a given
field, special precautions should be taken to
avoid errors caused by harmonics and other
spurious responses that may be produced with-
in the measuring receiver,

A typical field-strength measuring system
is a frequency-selective voltmeter designed to
indicate the average, peak, and/or quasi-peak
value over a chosen time interval of the volt-
age of a signal that has passed through the re-
ceiver’s frequency-selective circuits. For sin-
gle-frequency fields, the RMS voltage value is
measured, usually with an average-indicat-
ing circuit calibrated by a single-frequency
signal of known RMS voltage. For pulse-
modulated signals, the value during the pulse
on-time is usually measured by means of a
peak-indicating circuit calibrated with an un-
modulated single-frequency signal of known
RMS value. In this case, the necessary re-
ceiver bandwidth and the optimum charge and
discharge time constants of the indicating cir-
cuit depend on the pulse duration and repe-
tition rate, see [B1], [B2], [B4], [B5], [B9], [B71],
and [B72]. Calibrated oscilloscopes are also
employed to determined pulse-peak values.

In the case of frequency-modulated waves,
the effect of modulation on the measured field-
strength value may be essentially eliminated
if the receiver has an overall passband
slightly greater than twice the maximum fre-
quency deviation. When making field
strength measurements of television video

I nc
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transmissions, the RMS value of the maxi-
mum levels that occur during synchronizing
pulses is usually measured, see [B32], [B36],
and [B48]. The time constant of the second
detector and the overall receiver bandwidth
should be such that the meter essentially will
be peak reading. If it indicates at least 85% of
the peak levels, the reading will be essentially
independent of the modulation content. A
measurement of the RMS value of the video
carrier can be made but, because the result de-
pends on the modulation percentage, this mea-
surement is seldom used. Measurement of the
sound carrier of a television station is more
easily accomplished because of the narrower
receiver bandwidth required and the lack of
amplitude variation with modulation. The
latter method often yields sufficient informa-
tion for field survey purposes, provided that the
radiation pattern of the transmitting antenna
is essentially the same for the video-carrier
and sound-carrier frequencies.

In analyzing or reporting measured data, it
is important to consider the influence of the re-
ceiving site and surrounding topography,
electrical properties of the ground (see [B38],
[B871-[B891), the proximity of any disturbing
structures (see [B241), and the orientation and
height above ground of the receiving antenna.
The true measurement of an incident field is
often an indirect measurement involving a
knowledge of the angle of arrival and
electrical properties of the ground.

In the case of ionospheric waves at frequen-
cies above 3 MHz, a useful expedient is to use a
horizontal receiving dipole for measuring
field strength (see [B23], [B24], and [B32]) re-
gardless of whether vertical or horizontal po-
larization is transmitted. Similar values of
each polarization are often present in the iono-
spheric field incident upon the receiving an-
tenna for any type of polarization at the
transmitting antenna. The advantage of
measuring only the horizontal component is
that the measured field strength is practically
independent of differences in the electrical
properties of the ground at different receiving
points. Hence, as long as the height of the re-
ceiving antenna above ground is stated, mea-
surements at different sites (at a given fre-
quency) may be directly compared.

In some cases, even though the vertical com-
ponent of the electric field is greatly influ-
enced by the nature of the ground, it should
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nevertheless be the field component measured
since it provides a more accurate picture of the
actual conditions encountered in service.
This is particularly true for measurements in
the AM broadcast band (540 to 1600 kHz) where
the antenna generally responds mainly to the
vertical component of the E field.

When a shielded loop antenna is employed
for measuring field strength, it is the mag-
netic field component (H) that is being mea-
sured. Unfortunately, the results are often er-
roneously expressed in V/m of an elec
tric field (E) by means of the following
relation, which does not necessarily apply
except for a linearly polarized plane wave in
free space:

E=nH (Eq 5)
where
e = impedance of free space, equal to ap-
proximately 377 Q
H = magnetic field strength in A/m

It should be emphasized that the above rela-
tionship is not necessarily valid near a dis-
continuity such as the surface of the earth or
near other reflecting surfaces. Under some
conditions, standing waves may exist where
the field is composed of two or more traveling
waves for which Eq 5 also is not valid. Con-

-sequently, inconsistent results may be ob-

tained if measurements of field strength are
made using both a loop antenna and a vertical
monopole or a horizontal (or vertical) dipole.
In cases where the magnitude of the electric
field is desired, and Eq 5 is not applicable, a
calibrated E field antenna should be used with
appropriate correction for proximity of the
ground.

2.2 Field Strength Calibrations Using Loop
Antennas, 30 Hz to 30 MHz.

2,21 Standard Receiving Loop. A loop an-
tenna may be used to measure magnetic field
strength from about 30 Hz up to about 30 MHz.
Below about 3 MHz, especially for low-arrival
angles, the loop antenna has the advantage of
convenience in handling, availability of a
zero-response orientation, and a simple ex-
pression for the voltage produced by a given
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field strength. At higher frequencies, above
about 100 MHz, a loop of practical size may no
longer be electrically small. The loop then has
a significant response to the electric field as
well as the magnetic field, see [B91]. The
characteristics expected for an electrically
small loop are no longer present (e.g., a fig-
ure-eight field pattern with sharp nulls).
Thus, a position of minimum response is ill-
defined, and there is difficulty in defining the
polarization for the field component being
measured. Also, as the frequency is in-
creased, there is difficulty in securing a bal-
anced connection of the loop antenna to the
voltage-measuring receiver.

The shielded-loop antenna has come into
general use for direction finders and can be
used for measuring field strength, It is desir-
able that the shield have a gap at the top so that
the antenna is symmetrical with respect to
ground. This also minimizes the response of
the loop to a vertically-polarized electric field,
see [BI1].

Figs 2 and 3 illustrate methods of calibra-
tion for balanced and shielded unbalanced
loops, respectively. These employ direct volt-
age substitution in which the rf voltage in-

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

duced in the receiving loop is compared di-
rectly against a known rf voltage obtained
from a standard signal generator. In this case
the receiver is used merely as an uncalibrated
comparison voltmeter. The loop antenna is
oriented and the receiver is tuned for maxi-
mum response at the carrier frequency. The
receiver gain is adjusted to produce a conve-
nient indication and is left at this setting. The
loop antenna is then turned until the receiver
indication is a minimum. The standard sig-
nal generator is turned on and tuned to the
frequency of the field to be measured. The sig-
nal generator voltage is adjusted to give the
same indication as that obtained when receiv-
ing the unknown field. The signal-generator
voltage then equals the induced voltage acting
in series with the loop. If the signal-generator
impedance is mismatched, or if resistors are
added in series with the loop resistor to match
the output, a special voltage calibration of the
generator will be required. '

When the self-resonant frequency of the loop
antenna is several times the frequency of the
field being measured and the electric and
magnetic fields are related by Eq 5, the value
of field strength E in V/m is

®

BALANCED
o LOOP
I
AN
R
STANDARD
SIGNAL CBAL;( B RECEIVER
GENERATOR i Cak
-
Fig 2
Direct-Substitution Method of Calibration for a Balanced Loop
| i | rFr=="
| el |
I |
I | SHIELDED
I I UNBALANCED
I I Loop
| I
] l
I —————= — 1
STANDARD
SIGNAL $R c RECEIVER
GENERATOR
-
Fig3

Direct-Substitution Method of Calibration for a Shielded Unbalanced Loop
(The resistor R is of the order of 1 Q.)
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Vo
E= Ty (Eq 6)
where
V.. = output voltage of the standard signal
generator across the loop resistance
R
Loy = effective length of the loop antenna,
in m
2rAN A
] e
and A <0.01A2
where
A = area of the loop in m?
N = number of loop turns

The above method usually requires a signal
generator having a low output impedance. The
value of the resistor Rg in series with the loop
antenna is limited to about 1 Q so that it does
not appreciably lower the Q@ of the loop circuit.
This value of series resistance should remain
the same when the receiver is tuned to the
unknown field and when the standard voltage
ig injected for calibration purposes.

An error in calibration may occur due to the
difference in voltage step-up or @ of the tuned
loop antenna for a distributed induced voltage,
compared with a lumped voltage inserted at
one point. Thig error is caused by distributed
capacitance in the loop antenna and is a func-
tion of the ratio of operating frequency f to the
self-resonant frequency f, of the antenna: f/f,.
The error may be greater than 15% for a tuned
loop antenna operated near its resonant fre-
quency. This and other sources of error in
field-strength measuring equipment have
been studied, see [B391. For a balanced, un-
shielded loop antenna, the correction factor F
that one must apply to the lumped voltage
introduced at one end of the loop to get its true
distributed effect is given by

]

If the calibrating voltage is injected at the
midpoint of the winding of a balanced loop, as

(Eq 8)
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is usually the case, the correction factor is
given by

F=1+ 0.27(L)2

It is possible to compensate partially for the
distributed capacitance effect by operating the
loop antenna unbalanced with respect to
ground. In such a case, a shield must be em-
ployed to minimize the electric-dipole re-
sponse of the loop to a vertically-polarized
field, see [B91]. Also, the effect of distributed
capacitance of the loop on the accuracy of field-
strength measurements may in some in-
stances be minimized by using an untuned
loop, see [B2T71.

Another source of error is distortion of the
field caused by the presence of the field-
strength meter case (see [B24] and [B27]) or a
vehicle, see [B47]. Such errors may be greater
than 10%, but they can be reduced by mounting
the antenna away from perturbing objects.

In another method of loop-antenna calibra-
tion, a calibrating voltage is applied to the in-
put of the receiver and adjusted for equality
with the voltage developed across the receiver
input by the loop antenna immersed in an EM
field. A measurement of the @ of the loop is re-
quired in order to calculate the voltage in-
duced in the loop by the EM field. The field
strength is then computed from the in-
duced voltage and effective length of the
antenna.

The method of measuring the loop Q is de-
signed to avoid errors arising from the dis-
tributed capacitance between turns of the loop.
It utilizes a precision variable capacitor con-
nected in parallel with the receiver tuning ca-
pacitor. The auxiliary capacitor is set at its
mid-value for resonance of the loop antenna
and is then adjusted on either side of reso-
nance until the voltage across the capacitor
drops to 0.707 of its value at resonance. If Cj
and Cg are the two capacitance values of the
auxiliary capacitor, the @ of the loop antenna
is given by

(Eq 9)

2C 2C
Q=7G,-Cp =40 Eq10)
where
C represents the total capacitance at reso-

nance.
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Thus, if V is the total voltage across the tun-
ing capacitor, the field strength is

V__VAC
Len@ ~ 2LenC

E = (Eq11)

The error in determining the loop antenna
@ is generally less than 5% if the self-res-
onant frequency of the loop is at least 2.5 times
the operating frequency.

Many commercial field-strength meters
employ a high-level calibrating voltage to
standardize the overall gain of the receiver,
see [B37]-[B39]. When so standardized, the
factor £ (in m1), relating field strength to the
meter indication of the set, is determined in
terms of a standard field and the relation

E
k= V1 (Eq 12)
where
E = standard field strength, in V/m
Vi = receiver indicated voltage

Recall from Eq 1 that K = 20 logi ok, in dB
(m-1), The meter indication V; is roughly pro-
portional to frequency for a given value of E.
The calibration factor k is usually called the
antenna factor or the antenna coefficient. It
actually comprises the following terms:

1

k== Eq13
L0 (Eq13)
where
g' is the standardized value of receiver

gain.
Lerand @ are defined previously.

In this case, the product of the three terms g,
Lefr, and @ can be determined from a single
measurement of the receiver indication pro-
duced by a standard field.

Unknown values of field strength can then
be measured with the calibrated receiver using
the relation

E=kV, (Eq14)
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where

% is given in m'1 by Eq 12.

Vs is the receiver indication produced by the
unknown field E.

For commercial field-strength meters using
direct voltage substitution in series with the
loop antenna, the receiver is merely an uncal-
ibrated comparison voltmeter. The receiver
gain G and loop antenna @ do not enter di-
rectly into the measurement, The resulting
calibration factor %2 then reduces to the recipro-
cal of the effective length

1
Leff

k (Eq 15)

where
k can be evaluated in terms of a standard
field using Eq 12 as before.

The factor V1 in Eq 12 is now the voltage of
the standard signal generator and thus is the
value of injected voltage in series with the loop
antenna.

Unless the loop antenna is mounted above
the field-strength meter case at a distance
equal to its diameter, it may be necessary to
specify the angular position of the loop relative
to the case at the time of calibration. Otherwise
additional errors up to +10% may occur in
field-strength measurements using other rel-
ative loop orientations,

2.2.2 Standard Transmitting Loop. At fre-
quencies up to about 100 MHz, a transmitting-
loop antenna can establish a known free-space
magnetic induction field at the location of a
relatively close receiving loop. This technique
minimizes the effect of reflections from the
ground or nearby objects. While loop anten-
nas are used for both transmitting and receiv-
ing, and the near-zone field is primarily
magnetic, it is convenient to express the value
of magnetic field strength in terms of the
equivalent free-space electric component E
that would exist in a far-zone radiation field.
This relationship between E and H is given by
Eq 5. The resulting value of the equivalent
electric field for a single-turn transmitting
loop averaged over the area of a receiving loop
is given by Eq 16 (see [B37] and [B39]) for the
case of a coaxial receiving loop, as shown in
Fig 4.

I nc
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Fig4d
Induction-Field Method Using Coaxial Loops

., B0AI %)2]1/2
E=——(R0)3 [1 + ( 2 (Eq 16)
‘ where

R, = [d?2+r}+r§l'2,inm

E = magnitude of the equivalent free-
space RMS electric field strength, in
V/m

A = area of the transmitting loop antenna,
in m2

I = RMS current in the transmitting loop,
assumed uniform around the loop,
in A

A = free-space wavelength, in m

d = distance between the centers of the
transmitting and receiving loop an-
tennas, in m

ry = mean radius of the transmitting loop
antenna, in m

ro = mean radius of the receiving loop

antenna, in m

In order to ensure an essentially uniform
current in the transmitting-loop antenna, the
circumference of the single-turn balanced cir-
cular loop should satisfy the inequality

. 2nry <%

Eql?)
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In case a rectangular receiving loop an-
tenna is used, the mean radius r¢ is approxi-
mately that of the circle having the same area
as the rectangle. An antenna separation dis-
tance d of 1-2 m is generally used. Since the
induction field strength decreases essentially
as the inverse cube of d, the distance to the
nearest reflecting object need be only two or
three times the antenna separation distance.

It can be seen that, except for the correction
term (2nR/A)% under the radical, the induction
field strength produced by a given loop is

- independent of frequency. For a separation

distance of 1 m, this correction is negligible
for frequencies below 5 MHz. For a radius r; of
0.1 m, a spacing d of 1 m, and a current I of
0.1 A, the equivalent electric field E will be
approximately 0.2 V/m at the receiving loop.
The current I in the transmitting loop can be
measured with a thermocouple ammeter. A
VHF type of vacuum thermocouple may be
built into the loop so that the lead lengths
involved are short and do not appreciably alter
the mean radius of the loop.

The dc output of the thermocouple may be
measured with a suitable millivoltmeter and
calibrated using direct current. This calibra-
tion will be valid at frequencies up to 100 MHz
where the frequency error of such thermocou-
ples in a balanced system is generally less
than 1%. The standard induction-field method
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becomes impractical at frequencies above
about 100 MHz because such a small loop is re-
quired to ensure a uniform current.

2.3 Field Strength Calibrations Using Dipole
Antennas, 3 MHz to 1 GHz. The same general
methods used for calibrating field-strength
meters using loop antennas can be applied to
sets with dipole-type antennas. These sets
generally use a fixed high-level calibrating
voltage to standardize the receiver gain. The
calibration factor for the set can be determined
by placing its dipole antenna at a specified
height above ground in a standard horizon-
tally-polarized radiation field, evaluated as
described in 2.3.1 or 2.3.2. Eq 14 is used to
measure an unknown field with the calibrated
dipole. This calibration strictly applies only
for the antenna height and ground constants
prevailing at the time of calibration, For-
tunately, the corrections involved are small

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

for antenna heights exceeding about one wave-
length, see [B38].

2.3.1 Standard Receiving Dipole. An elec-
tric dipole antenna is applicable at frequen-
cies above about 3 MHz. Above 30 MHz, a self-
resonant half-wave (A/2) dipole is easily
portable. The methods of calibration described
for a loop antenna may, in general, be applied
to a thin A/2 dipole. A direct-substitution
method of calibration (see [B34]) is illustrated
schematically in Fig 5.

A calibrated signal generator is substituted
for the dipole antenna at the end of the trans-
mission line. The generator voltage is ad-
justed to produce the same receiver indication
that is produced by the field being measured.
The impedance at the signal generator should
be equal to that of the dipole at the pertinent
signal frequency. The voltage injected by the
calibrated signal generator is equal to the
voltage induced in the antenna by the field be-
ing measured. The measured value of field
strength is given by

Fig5
Direct-Substitution Method of Calibration for a Thin Half-Wave Dipole.

(The total resistance of Ry, Rg, and R3 is of the order of 70 Q.)

(R+R, +R,; =70Q)

T

W0

R1
STANDARD w—
SIGNAL  #R, :>OOC><
GENERATOR

l l HALF-WAVE DIPOLE ANTENNA

RECEIVER

O
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\4
E=7%=
l;eﬂ

(Eq18)
where
Voc = open-circuit voltage at the output of
the standard signal generator, in V
Loy = effective length of the dipole, in m

The maximum magnitude of the effective
length of a thin half-wave dipole in free space
is approximately A/n. The physical length of a
dipole at resonance is somewhat shorter than a
half-wavelength, depending on its length-to-
diameter ratio and on the amount of stray ca-
pacitance across its center terminals, see
[B77]. The input impedance of a self-resonant
dipole antenna in free space is resistive and
will range from as low as 50 Q for low values
of length-to-diameter ratio, to as high as 70 Q
for very thin dipoles, see [B77]. Approximate
values for both the antenna shortening and the
radiation resistance as functions of length-to-
diameter ratio are shown in Figs 6 and 7,
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respectively, The values should be checked
experimentally for any dipole used to measure
field strength. The effective length and gain
of such an antenna will increase slightly as
the length-to-diameter ratio is decreased.

The impedance of a dipole antenna is a
function of its height above ground, the electri-
cal properties of the ground, the conductivity of
the wire, and its distance from any nearby re-
flecting surfaces or objects other than the
ground. Consequently, the values given above
will be in error for heights or distances less
than about one wavelength, see [B38].

If the standard receiving dipole has a length
that is shorter than that required for self reso-
nance, the effective length is given approxi-
mately by

lDeﬂ = 3% tall'ZEZi

o (Eq 19)

where
L is the overall physical length of the dipole
antenna

Fig6

Percent of Shortening 100 (1 - 2Lp/A) for a Thin Half-Wave Dipole at its First Resonance

PERCENT SHORTENING
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Fig7
Radiation Resistance of a Thin Half-Wave
Cylindrical Dipole at its First Resonance
When a receiving dipole is very short com- short-time stability but has the disadvantage of
pared to a wavelength, the effective length is requiring daily recalibration for accurate
approximately equal to half the physical results. Because of the lack of frequency
length. selectivity in the receiving antenna circuit, it
Another method (see [B391) that produces ac- cannot be used in the presence of interfering
curate field-strength measurements is shown signals whose fields are significant relative
in Fig 8. Here the open-circuit rf voltage to the field being measured. This technique is
induced in a standard A/2 dipole is measured best suited to measuring relatively strong
directly by means of a high-impedance locally-generated fields produced for ecal-
semiconductor diode detector circuit. This ibrating electromagnetic interference (EMI)
eliminates the necessity for knowing the antennas and commercial field-strength
impedance of the antenna and thus reduces the meters. With proper precautions, it can be used
effect of the ground beneath the antenna on its to calibrate over a detected amplitude range of
voltage-transfer ratio. The rf-to-de¢ voltage- roughly 0.2-2 V dc¢ with an accuracy of +1 dB
transfer ratio is also affected slightly by the or better. It can be used for either vertically or
ambient temperature of the diode, especially at horizontally polarized fields, but the standard
low detected voltages corresponding to weak A/2 dipole is generally calibrated in a ‘
fields. The diode voltmeter thus has a good horizontal configuration, i
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FOR IN28 (F = 50 MHz)
‘ A}
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+—TO BALANCED
| RF VOLTAGE
6_'["‘ SOURCE
VHF VACUUM
THERMOCOUPLE
DC LINE
C =1000 pF

(CERAMIG DISK)

=

SLIDEWIRE
POTENTIOMETER

()

Fig 8§
Typical Calibration Circuit
(The parameter values shown are for illustrative purposes.)

The rf diode voltmeter uses a low-ca- .

pacitance (0.5 pF or less) silicon semi-
conductor diode. The diode is mounted in the
gap at the center of the dipole. A balanced
resistance-capacitance network is used, as
shown in Fig 8, to filter the detected output and
to prevent rf signals picked up on the dc
transmission line from reaching the diode
detector. The balanced transmission line can
be made of conducting twinlead or of semi-
conducting plastic material, see [B39]. A dec
voltmeter with an impedance of about 100 MQ
is used to measure the output of the detector. It

I nc

is preferably located at a distance of 3-10 m
from the measuring dipole.

Details of the diode-calibration procedure
are contained in [B39]. This calibration can be
made at a frequency of 10 to 50 MHz where the
error is small. Capacitors of the ceramic-disk
type are used as shown in Figs 8(a) and (b).
The rf-to-dc voltage calibration may then be
used at signal frequencies up to 1 GHz where
the diode frequency error has been found to be
less than £0.5 dB. Values of field strength are
determined, as in the system described pre-
viously, by use of Eq 18.
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Matched-Load Field-Strength Meter

’/- VERY THIN (0.1 mm FOR VHF) DIPOLE

e |

Two other forms of standard field-strength
meters using dipoles are shown in Figs 9 and
10. Characteristics relative to these are given
in [B60]. In Fig 10, the use of foamed poly-
styrene, which has a dielectric constant of
about 1.02, makes it possible to support a very
thin dipole and UHF-type thermocouple in
such a manner that the thermocouple heater
leads form a continuation of the antenna. The
thermocouple lead is thus located at the center
point of a thin straight conductor, as required
for reliable calculations, The shunt capaci-

Fig 10
Field-Strength Meter With Thin Dipole Supported by Polystyrene Foam

tance of the glass bead is less than 0.1 pF and
the leads cause negligible inductance. How-
ever, care must be exercised to avoid rf pickup
on the de thermocouple leads.

It is possible to compute the gain and input
impedance of a dipole using method-of-mo-
ment models for antennas over an imperfect
earth (see [B16]-[B18]) with known electrical
properties, see [B40].

2.3.2 Standard Transmitting Dipole. At fre-
quencies above 3 MHz, it is practical to use a
dipole for the transmitting antenna at a dis-
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tance sufficiently large that the test antenna is
in the radiation field, as shown in Fig 11. The
procedure and calculations are simplified if
conditions are such that only the direct wave
~and ground-reflected wave need be consid-
ered, and if the ground constants and angle of
incidence are such that the reflection co-
efficient is very nearly equal to -1. This is
generally the case for frequencies between 3
MHz and 1 GHz if horizontal polarization is
used and if the antenna separation distance is
large compared with the sum of the heights of
the two antennas above ground (ie., graz
ing incidence). A method for accurately
measuring the transmitting dipole current

IEEE
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using bead-type thermistors instead of
thermocouples is given in [B39]. Procedures
for determining the gain of half-wave trans-
mitting dipoles at HF and VHF over imperfect
ground have been developed, see [B30] and
[B31].

A flat clear site should be selected in which
the distance to the nearest reflecting object
such as trees or small buildings is at least
three times the separation distance used.
When (2rnhiho/Ad)’< 1/4 and d = 10(hy + ko),
where A3 and hg are as shown in Fig 11, the
standard field can be calculated from the fol-
lowing equation, assuming horizontal polar-
ization over plane earth:

Fig1l
Radiation-Field Method Using Parallel Dipoles

TRANSMITTER

RECEIVER
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E = ST (Eq 20)
~ Me_ﬂ{ (Eq 21)

- A2d?

where

Lgis the effective length of the transmitting
antenna, in m,

I is the transmitting dipole current, in A.

The reflection coefficient of the ground is
approximately -1.

For a thin dipole with a length not greater
than A/2, the effective length is given by Eq 19.
If it is desirable to use a single-turn transmit-
ting loop antenna, the effective length of the
loop is given by Eq 7. A uniform current is as-
sumed in the transmitting loop (see Eq 17).

In case the field-strength measuring set
uses another type of antenna, consideration
must be given to such factors as path geometry

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

and the size and directivity of the antenna so
as to avoid errors due to differences in the
effect of the ground-reflected component or of
the wave-front curvature.

2.4 Field Strength Calibrations Using Mono-
pole Antennas, 30 kHz to 300 MHz,

2.4.1 Standard Receiving Monopole. A ver-
tical monopole antenna with rf output taken
between its lower end and the ground is usable
at frequencies up to about 300 MHz. Care must
be taken to make sure that the rf output voltage
is not due partly to voltages induced in the
transmission line and ground system. A
large symmetrical counterpoise or ground
plane is usually desirable. Arrangements for
measuring field strength with a vertical an-
tenna are shown in Fig 12(a) and (b). The
signal generator is used to calibrate the
antenna as part of the measurement pro-
cedure.

Fig12
Field-Strength Meter Arrangements Using a Simple Antenna

VERTICAL
ANTENNA
RECEIVER
STANDARD e
SIGNAL i €
GENERATOR (8 o
(a)
ROD ANTENNA
(VERY SHORT
COMPARED TO 3)
c, ;
RECEIVER
STANDARD 1
SIGNAL
GENERATOR
(b)
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The effective length of a thin grounded ver-
tical monopole antenna (in m) may be deter-
mined from the equation

A mh

Lgr= 5 tan 5~ (Eq 22)

where
h = overall physical height of the vertical
monopole (assumed to be A/4 or less)

When a vertical monopole is very short
compared to one wavelength and end effects
are negligible, the effective length (sometimes
called effective height) is approximately one-
half of the overall physical height.

Fig 12(b) shows a calibration method that is
applicable to monopole antennas that are very
short compared to a wavelength. In this ar-
rangement, the receiver is calibrated through
a capacitance Cy that is equal to the source ca-
pacitance of the antenna, For best results, a
metal ground plane should be used beneath the
antenna (A < 0.01A) having dimensions at
least A/6 in radius, see [B66]. Otherwise the ef-
fective length will be a function of the ground
constants at the measuring site, This problem
can be handled with method-of-moment tech-
niques (e.g., the Numerical Electromagnetics
Code [INEC-3], see [B16]-[B18]) that treat wires
that penetrate the air-ground interface.
Reasonable agreement between theory and
measurement has been obtained for a short
monopole with buried ground radials (see
[B42]) where the ground constants were care-
fully measured, see [B40]. At low frequencies,
the effect of the ground makes it difficult to
calculate accurate values of the field strength
at the receiving site.

Some short (e.g., 2.74 m) vertical monopoles
have been installed on the roofs of vehicles to
provide a mobile field-strength and radio-
noise measurement capability at medium and
high frequencies. It generally is necessary to
calibrate each specific installation to deter-
mine the antenna factor (or effective length)
for the antenna as installed, see [44].

2.5 Field Strength Calibrations Using Aper-
ture Antennas, 200 MHz to 30 GHz.

2.5.1 General. The techniques described in
the previous sections may be extended to
higher frequencies by using circuitry and
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methods appropriate to the frequency (see [B7],
[B21], [B25], [B33], [B64], [B67], [B71], [B72], and
[B76]). Lumped resonant circuits used at the
lower frequencies give way to tuned transmis-
sion lines or waveguide cavities at the higher
frequencies (see [B45] and [B59]). Silicon diode
detectors are widely used in reception, see
[B86]. Special triodes, klystrons, and mag-
netrons are used for generating high rf power,
see [B33]. At these higher frequencies,
attenuators may be constructed from a section
of waveguide into which is inserted a
conducting card to increase loss, see [B33]. At
frequencies up to about 10 GHz, precision
waveguide-below-cutoff attenuators may be
employed, see [B48].

For the transmitting and receiving antenna
systems (see [B78]), half-wave dipoles are
often used with a parasitic reflector or director
elements or a corner reflector to increase the
antenna gain and to minimize the effect of
reflecting objects to the side and rear of the
antenna. A A/2 dipole at the focus of a parabolic
reflector provides a considerable increase in
gain, Biconical, sectoral, or pyramidal horns
are often used. These antennas have
relatively high gain; that is, they confine most
of the radiated energy into a narrow beam. At
frequencies above 200 MHz, it becomes more
practical to measure power than to measure
current or voltage. Bolometers using thin-
film thermocouples, small thermistor beads,
or diodes generally take the place of volt-
meters (see [B48] and [B67]). For many appli-
cations under far-zone free-space conditions,
it is more convenient to measure an incident
field in terms of power density (W/m?2) rather
than field strength (V/m or A/m). In the near
field, however, the £ and H fields must be
measured independently.

2.5.2 Standard Receiving Antenna Equa-
tions. A practical setup for measuring field
strength or power density at frequencies above
200 MHz is shown in Fig 13. The antenna and
receiver inputs should be matched to the trans-
mission line impedance. The line used is
generally either coaxial cable or hollow wave-
guide, depending on the frequency and length
of line. The output of a receiving antenna can
be measured with a power meter or by cal-
ibrating the receiver output response char-
acteristic against a standard signal gener-
ator, which in turn is calibrated with a power
meter.
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Fig13 ‘
Field-Strength Measuring Set for Microwave Frequencies
The setup shown in Fig 13 can be used to 1 1 68.8 P
measure the received power P, flowing E = % ,\/m]?.l’r = T '\/} (Eq 24)

through point A. If the gain of the receiving
antenna system to point A is known, the power

density of the field at the receiving antenna is where
given by E = incident field strength, in V/m
Sie = 4nby (Eq 23) 2.5.2,1 Antenna Effective Area. When a
g\ plane-wave field is incident on a receiving
antenna, the received power accepted by a
where matched load is equal to the effective area of
Sine = power density of incident field, in the antenna (see [B83]) times the power density
W/m2 of the incident wave. The effective area of a
P, = received power into a matched load, lossless isotropic antenna is
in W
g = gain of the receiving antenna sys- As,o = A4 (Eq 25)

tem relative to a lossless isotropie
antenna, see [B77]
With directive gain equal to g and no dissi-
Since the power density of a free-space plane pation, the effective area is
wave is equal to E%/n,, the field strength may ‘
be obtained from the equation Ay = & (\2/4T) (Eq 26)
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The effective area of a lossless half-wave
dipole is
A(m) =0.1322 (Eq 27)
2.5.2.2 Antenna Gain and Mismatch
Factor. The power gain of an antenna system
can be determined either by direct measure-
ment or by comparison with an antenna hav-
ing a known gain. In some cases, the gain can
be calculated theoretically (see [B6], [B16]-
[B18], [B63], [B67], [B71], [B72], and [B781). In
this section, it is assumed that the transmit-
ting and receiving antenna systems have the

IEEE
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same polarization and that measurements are
made at the point of maximum response on the
pattern of each antenna (boresight angle).

A convenient setup for measuring antenna
gain is shown in Fig 14. The procedure in-
volves measuring the ratio of power input P; at
point A to the power output Py at point B. The two
antenna systems, A and B, must be identical.
This can be checked by using first one and
then the other to receive an ambient signal or a
locally generated signal from a third an-
tenna. This third antenna should be at a suffi-
cient distance that it produces a plane-wave
field at antennas A and B.

Fig 14
Arrangement for Measuring Antenna Gain
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To measure the ratio, P1/Pgy, terminal X is
first connected to A and terminal Y is con-
nected to B, and the calibrated variable atten-
uator and receiver output response are ad-
justed to give a convenient receiver indica-
tion. Then, without changing the receiver
gain, terminals X and Y are connected to-
gether and the variable attenuator is adjusted
to give the same receiver indication as noted
previously. The required change of the atten-
uator setting is a measure of the ratio, P1/Ps, if
the standing-wave ratio is close to unity in
each direction.

Another setup that may be used for measur-
ing the ratio P1/Pgy is shown in Fig 15, The

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

power in both cases (direct connection of the
cables vs. insertion of the radiated path via the
two identical antennas) is measured with a
calibrated power meter. Care is necessary to
achieve uniform tightness of the connectors
used in performing the switching operations
shown. If the power received via the radiated
path is too small for accurate measurement, it
can be measured by means of a calibrated re-
ceiver. By making use of an attenuator in the
intermediate-frequency amplifier of the re-
ceiver, this range can be extended to much
lower field strengths, down to about 50 uV/m,
see [B49].

Fig15

Alternative Arrangement for Measuring Antenna Gain
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In the calibration setups of Figs 14 and 15, it
is preferable to use an open, flat field site free
of reflecting objects. The distance d should be
greater than 2D2/A, where D is the maximum
dimension of the antenna aperture, see [B25].
If d = 2D2/), there is a 22.5° phase difference in
the incident wave from aperture center to
aperture edge (a distance D/2) of the receiving
antenna. The height above ground and the an-
tenna directivity preferably should be such
that any ground-reflected component of en-
ergy is negligible. If this is not possible, the ef-
fect of the ground-reflected ray can be evalu-
ated by plotting the ratio P1/Ps versus antenna
height or versus antenna separation distance,
over a range sufficient to indicate maximum
and minimum values in the P1/P3 ratio, pro-
vided the ground surface is planar, see [B11].
Another expedient method is to reduce the ef-
fect of ground reflections by using one or more
parallel diffraction edges, see [B25], which
may be made of wire mesh, perpendicular to
the transmission path between the antennas,

Having determined the ratio P1/Pg by one of
the methods shown in Figs 14 and 15, the gain
g of each of the two identical antennas relative
to an isotropic radiator may be calculated us-
ing the expression (see [B32]):

4nd P.
g = T —ﬁlg (Eq 28)
Expressed in dB,
G(dBi) =10 logyog (Eq 29)

where
i indicates the gain is with respect to an iso-
tropic radiator,

If the gains of the two antennas are slightly
different, then the value of g obtained above
satisfies the relation

g = Ng182

where

g1 and g, are the gains of the two antennas
relative to an isotropic radiator.

(Eq 30)

In order to obtain each of the two gains indi-
vidually, it is necessary to use a third antenna
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and employ a so-called three-antenna calibra-
tion method, see [B8].

The intrinsic gain of a thin cylindrical
dipole antenna with no dissipative loss, whose
length L is short compared to one wavelength
(I, << A), is 1.5 (i.e., 1.76 dBi). For a thin self-
resonant half-wave dipole, the gain is 1.64
(i.e., 2.15 dBi). In the latter case, the gain in-
creases slightly as the length-to-diameter ra-
tio of the cylindrical antenna is decreased, see
[B60]. The gain of more complex antennas has
been determined by several writers (see [B46],
{B77], [B78] and [B92]). When these antennas
are used for reception, the given values of gain
are exact only if the incident field is a
uniform plane wave, i.e., having constant
phase and amplitude over the aperture of the
receiving antenna. These conditions will ap-
ply at distances from the transmitting an-
tenna that are large compared with the an-
tenna aperture in wavelengths (i.e., > 2D%/)).

In making antenna gain measurements,
the impedance of antennas and loads should
be matched to the transmission line imped-
ance. The transmitter should be loosely cou-
pled to the line, such as by use of a matched
attenuator pad, so that removing the antenna
does not affect the power output from the trans-
mitter. This can be verified by using a volt-
meter in the line between the transmitter and
attenuator.

The impedance mismatch factor ¢ can be
written as (see [B83]):

~ ARR,
T=R®R+R)?+ (X + X2

(Eq 31)

where
Z = R +jX = antenna impedance
Z;, = Ry, +jX;, = load impedance

This expression is in agreement with that of
Kraus [B61] for the case of a lossless anten
na. When the antenna has both loss resis
tance R; as well as radiation resistance E,,
the impedance mismateh and resistive loss
can be combined in the following expression
for q:

_ ARRy,
I= R, +R,+R)2+ (X + X )2

(Eq 32)
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If both the antenna loss resistance Ry and the
load reactance X1, are zero, then Eq 32 can be
written

4RR
q=(R_+-RL)2+X2 =1-|FI2 (Eq33)
where
I'" is the input reflection coefficient of the an-
tenna when R = Z, is the real characteristic
impedance of the transmission line or
waveguide feed, see [B44],

Since the magnitude of I' (IT"1) can be mea-
sured, q is easily determined from Eq 33 and
there is no need to measure the input resis-
tance and reactance of the antenna, The main
restrictions on Eq 33 are that the antenna re-
sistive losses must be negligible and the
transmission line or waveguide feed must be
single moded at the antenna terminals.

The impedance mismatch factor relative to
50 Q can be computed, in dB, from impedance
data using the following equation:

4(VSWR)
q(dB) = 101log [m:l (Eq 34)
where

VSWR = (1 + ITI1)/A - ITI1) = voltage
standing wave ratio

Tl = WZ-2Z)(Z + Z;)| =magnitude of
reflection coefficient

zZ = Measured or computed input im-
pedance, in Q

Zo = characteristic impedance of the

trandmission line, 50 Q

2.5.3 Standard Transmitting Antenna
Equations. A transmitting antenna in free
space that radiates P; watts and has a gain g1
in a given direction will radiate P;g1/4n watts
per steradian at a distance that is large
compared to the antenna aperture. The power
density in W/m?2 at a distance d from the an-
tenna will be P1g1/4nd2. In terms of the field
strength existing at the same distance, the
power density is E2/n,. By equating these two
expressions, the free-space field may be de-
termined from the relationship

. \/noPlgl _ V30Pg (Eq 35)

4nd? = d
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where
E = free-space RMS electric field strength,
in V/m
P; = input power to the transmitting an-

tenna, in W
g1 = gain of the transmitting antenna in
the direction toward the receiving
point relative to an isotropic radiator
d = distance from the transmitting an-
tenna to the receiving point, in m

For calibration purposes, an anechoic cham-
ber or a flat-field site free of reflecting objects
should be used. It is then possible to establish
an essentially free-space field if the antenna
geparation distance is small compared with
the heights of the antennas above ground, and
the distance to the nearest reflecting object is
large compared with both these distances.

At larger distances over plane earth, Eq 35
will not apply since it is then necessary to take
into account the ground-reflected wave. For
values of 2nh1ho/Ad < 1/4, and d > 10(h1 + hg),
the field strength may be determined from the
following relationship assuming that the re-
flection coefficient, of the ground at the grazing
angle of incidence is -1;

E lh2 ’moplgl 1742 lgl

where

E the generated field strength, in V/m,

hy height of the transmitting antenna,
in m
he = height of the receiving antenna, in m

Eq 36 also assumes that the angle of inci-
dence of the ground-reflected wave and the
beam width of the transmitting and receiving
antennas are such that there is no appreciable
discrimination between the direct and
ground-reflected waves.

2.5.3.1 Measurement of Power Delivered
to a Transmitting Antenna. Fig 16 shows a
typical setup for measuring net power to a
transmitting antenna. The four-port dual-di-
rectional coupler allows measurement of the
power incident upon and reflected from the
antenna. The net power to the antenna is then

Pret = Py - Pren (Eq 37)

¢
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ANTENNA

DUAL DIRECTIONAL COUPLER

T

Reprinted from [B55].

The ratio of power emerging from port 4
(i.e., Pine) to the power Py read by the power
meter on port 1 is the incident coupling factor
Cinc. The reflected coupling factor Cyef is the
ratio of power entering port 4 (i.e., Prefi) to the
power Pg read by the power meter on port 2,
(Measuring coupling factors with respect to
port 4 eliminates the need for a separate
measurement of coupler insertion loss.)

Manufacturers furnish nominal coupling
factors over the frequency range of the coupler.
For greatest accuracy in obtaining Ppet , how-
ever, both coupling factors should be known at
each measurement frequency. Then, at a
given frequency,

Pnet = Cincpl - CreﬂPZ (Eq 38)

Eq 38 is valid for use with directional cou-
plers having high directivity (at least 25-30
dB), but may give inaccurate values for Py if
the coupler has low directivity and if the port-4
load is not well matched to the coupler or
transmission line impedance. An analysis of
the directional coupler as a four-port junction
has been done in terms of the reflection coeffi-
cients and scattering parameters of the
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Fig 16
System for Measuring rf Power Delivered to an Antenna

I nc

system, see [B55]. The net power delivered to
the transmitting antenna is given by

Pret = Pipe - Prer
P Sy
Ta - |1r1l2) 5, |E&DF
Fa L |as, ol ®q39)

=(1 - lrzlz) ng4|2

The symbols I'; and I'g represent the reflec-
tion coefficients observed looking into power
meters 1 and 2. Sj; is the scattering parameter
defined as the ratio of the complex wave ampli-
tude emerging from port i to that incident upon
port j, and g(S,I') and A(S,I') are functions of
the system S-parameters and the reflection co-
efficients of ports 1, 2, and 4. For an ideal cou-
pler, i.e., one having zero reflection coeffi-
cient for all input ports and infinite directivity
(S11 = S22 =833 =844 =814 =84 =S23=S33=S12=
So1 = 0), with matched power meters at ports 1
and 2 (I} =g = 0), the terms g(S,I) = A(S,I) =1,
Unless the magnitudes and phases of the sys-
tem S-parameters and the reflection coeffi-
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cients of a real system are well determined,
g(8,I") and A(S,I') are not calculable. The de-
viation of g(8,I") and A(S,I') from unity is,
therefore, taken to be part of the uncertainty in
the determination of the net power delivered to
the standard antenna. Although the degree of
deviation from unity is a function of the sys-
tem S and I" parameters, it is found to be, in
general, less than 1%, see [B55].

To compute the net power using Eq 39, the
terms S3g4/S13 and 1/S94 need to be determined.
Although the magnitudes of Sig, S94, and Sg4
could be measured with a network analyzer,
the system described here can be made self-
calibrating by utilizing a standard flat-plate
short and a matched termination. When a
short (T'y = -1) is placed at port 4, the ratio of
power measurements Py and P; gives

P Sos Sayl2 1-|I‘2|2

Ff = ?;1334 1-|I‘2|2 (1 +|A1|2)
(Eq 40)

where

A(S,IN) is a complex quantity much less than
unity, see [B57].

The second step in evaluating the S-parame-
ter coefficients in Eq 39 is to move the power
meter from port 2 to port 4 and terminate port 2
in 50 Q. The ratio of the two power measure-
ments P; and Py is

P, |sulr 1-|n:f
Tai S_;z Irlg (1 + |4f?)
(Eq 41)
where

Ag is another complex quantity much less
than unity.

From the four power measurements and
values for the power meter reflection coeffi-
cients I', 'y, and T'y, the quantities 1S34/S13!2
and 1S9412 may be computed from Eqs 40 and
41. The terms A; and Ag involve products of the
system S-parameters and reflection coeffi-
cients I' whose phases are not known.
Therefore, the magnitudes of A; and Ag cannot
be determined, and the deviation of A; and Ag
from zero is unknown. Moreover, the uncer-
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tainty in the power measurements and in the
values for the reflection coefficients also con-
tribute to the uncertainty in the determination
of 1834/S13! and 1Sgyl. The detailed discus-
sion on this topic is given in [B57].

2.5.3.2 Standard Field Equations for an
Anechoie Chamber. Electromagnetic fields in
an anechoic chamber are usually established
with standard transmitting antennas. The
antennas commonly used are open-end wave-
guides (OEQG) below about 450 MHz and rec-
tangular pyramidal horns above about 450
MHz, Eq 35 is used to calculate the electric
field on the axis (boresight) of the antenna.
The quantities to be determined are net power
P, distance d, and antenna gain relative to an
isotropic antenna g, The net power delivered to
the antenna is measured as described in
2.5.3.1., and d is measured by any suitably ac-
curate procedure. Evaluating the radiated
electric field then reduces to determining the
transmitting antenna gain at each measure-
ment frequency and distance.

Early work to determine the field pattern
and gain of large OEG radiators, both theoreti-
cally and experimentally, is described in
[B14]. An equation for the gain of OEGs as a
function of frequency and aperture dimen-

.sions has been determined by an analysis of

data from a two-antenna calibration using two
identical OEGs of 2:1 aspect ratio, see [B15].
This empirical equation for calculating the
OEG gain g, is

g=216fw (Eq42)

or, in dB

G =10 log;og =10 log(fw) + 13.34, in dBi
(Eq 43)

where

f

w

frequency, in GHz
width (large side) of the 2:1 OEG, in m

Eq 42 is accurate to approximately +0.5 dB
(30 value) when the distance from the OEG
aperture to the field point is greater than 2w. At
on-axis points farther than about 2w from the
aperture, the OEG gain is independent of dis-
tance. Deviations from Eq 42 can be due to re-
flections in the anechoic chamber and higher-
order modes excited in the waveguide interior.

I nc
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In deriving the far-field gain of a pyrami-
dal horn (Fig 17) by the Kirchhoff method,
Schelkunoff accounted for the effect of the horn
flare by introducing a quadratic phase error
in the dominant-mode field along the aperture
coordinates, see [B77]. Geometrical optics and
single diffraction by the aperture edges yield
essentially the Kirchhoff results. The prox-
imity effect in the near field (i.e., an on-axis
point is not equidistant from points in the
aperture plane) can also be approximated by a
quadratic phase error in the aperture field.
Taking into account the preceding considera-
tions, the near-field gain g of a pyramidal
horn radiating at a wavelength A m is given by
[B51]

g = %“} ReRy = 113.3fabReRy  (Eq44)

where
fis in GHz

The terms Ry and Ry are often written in
terms of Fresnel integrals (see [B50]) and are
functions of the horn dimensions and the on-
axis distance from aperture plane to field
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point. The numeric gain may be more easily
obtained from tabulated values for Rg and R
in dB (see [B51]) to which polynomial ex-
pressions have been fitted, see [B62].

Rg(dB) = -(0.18%) (2.31 + 0.053B) (Eq 45)

Ry(dB) = -(0.010) (1 +10.19c + 0.5102 -

0.09703) (Eq 46)
where
¥\ (L 1) o (0%\(L 1
“:(0.3) (11{ + d) P B= (0.3) (ZE + d)
(Eq 47)

a, b, lg, I = horn dimensions, in m

f = frequency, in GHz

d = on-axis distance from horn aperture to
field point, in m

The terms Rg and Ry in Eq 44 are gain
reduction factors that are positive and less
than unity. Though their values in decibels
are negative, the tabulation in [B51] gives these
decibel values as positive. Therefore, a minus
sign (not present in [B62]) is included in Eqgs
45 and 46 to make Eq 48 consistent with Eq 44.

Fig17 '
Sketch of a Pyramidal Horn Showing the Dimensions
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From Eq 44 for the gain g, the horn gain G,
in dBi, is

G = 101logG = 20.54 + 10 log(ad) + 20 log(#) +
Rg(dB) + Ry(dB) (Eq 48)

The numeric gain g is then

g =10610 (Eq 49)

The standard field generated in an ane-
choic chamber by an OEG or a pyramidal horn
antenna can be computed from Eq 35 using
gain values obtained from Eqs 42 or 49.
Anechoic chamber measurements of a 450
MHz electric field were made using both an
OEG and a pyramidal horn as transmitting
antennas, see [B57]. The measured fields from
1-4 m from the apertures were within 1 dB of
the computed OEG field, and within + 0.6 dB
(30 value) of the computed horn field. The dis-
crepancies were due primarily to reflections
within the chamber.

2.5.3.83 Calibration of Receiving Antenna
Factor in an Anechoic Chamber, A test an-
tenna is often calibrated in terms of its an-
tenna factor measured over a range of fre-
quencies and electric field strengths, This
calibration is accomplished by placing the
antenna in a known incident electric field
Ejpc (on the boresight of the transmitting an-
tenna) and measuring the voltage Vyo  across
the antenna terminals with a receiver of 50 Q
input impedance. The test and transmitting
antennas are polarization matched., The an-
tenna factor is then obtained from Eq 50.

Einc

Vso o

(Eq 50)

During the calibration, a 50 Q cable of atten-
uation ¢ may be required to connect the an-
tenna to the receiver. The voltage measured at
the receiver is then Vi and the voltage at the
antenna terminals is still denoted Vo o. The
cable attenuation at the measurement fre-
quency is @ = Vyeo/ Vo o and the antenna factor
with reference to the voltage at the antenna
terminals is then

_ Eine _ Eine _ Eina
" Voo Vreddd T Viec

(Eq 51)
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In dB, K is

K = 20loghk = Eine(dBV/m) - Vyec(dBV) +
A(dB), in dB(ml)  (Eq52)

where

Ei1c(dBV/m) is in dB with respect to 1 V/m.

Viec(dBV) is in dB with respect to1 V.

The attenuation a is a positive number less
than unity, and therefore A in decibels is a
negative number.

2.6 Electrical and Magnetic Field Probes as
Transfer Standards. The term “transfer stan-
dard,” as used here, refers to an electrically
small antenna or rf probe. This can be a short
dipole for sensing E fields or a small loop for
H fields, which has a known response over a
given and relatively small range of
frequency or amplitude. Such an antenna can
be used to measure or verify the field strength
as a function of frequency (e.g, in an anechoic
chamber). This check is especially useful if
the transfer standard has been calibrated by
an independent approach over the same fre-
quency range. A transfer probe can also be
used to check the field level as a function of
distance from the transmitting antenna, such
as in an anechoic chamber. One method used
is to adjust (and measure) the power delivered
to the transmitting antenna until the probe out-
put reaches a given (constant) indication. In
this way, the field strength also remains con-
stant, since the frequency and probe response
are maintained constant, and the transmit-
ting power required to obtain this (constant)
response is recorded as a function of separa-
tion distance between the transmitting an-
tenna and receiving probe. Then, from the re-
quired transmitting power, the (near-zone)
gain reduction of the antenna, or the “ripple”
in field strength due to reflections ingide the
anechoic chamber, can be evaluated.

Most total electric field rf probes consist of
three electrically-short, mutually-orthogonal
dipole antennas with three diode detectors.
The characteristics of these electric field rf
probes have been analyzed by many re-
searchers (see [B52], [B54], [B62], and [B79]).
Fig 18 shows the dc output voltages of an 8 mm
dipole with resistive loading as measured in a
standard field of 10 V/m from 100 kHz to 18
GHz, see [B56].
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Measured Frequency Response of One Element
of the Broadband E-Field Probe at 10 V/im
‘ Reprinted from [B56].
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Fig19
Response of a Compensated Open-Circuit-Voltage Loop
Antenna with Shielding (5-Turn, 10 cm Diameter)
Reprinted from [B58]
For magnetic field measurements, three ba- To make the response of a loop antenna flat
gsic designs for broadband magnetic field over the frequency range of interest, the @ of
probes have been analyzed, see [B58]. Three the loop antenna is reduced by means of a
configurations are discussed here. loading resistor. As an example, the response
of a 5-turn compensated loop with a 10 em
. (1) A short-circuit current loop diameter is shown in Fig 19,
. (2) An open-circuit voltage loop The electric and magnetic field probes dis-
: (3) A compensated open-circuit voltage loop cussed above measure either the electric or
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magnetic field only, and therefore cannot
measure complicated EM fields such as those
with reactive near-field components, multi-
path reflections, ete. For this reason, a single
sensor capable of performing simultaneous
electric and magnetic field measurements
was developed at NIST, see [B53]. In this case,
a loop is loaded at diametrically opposite
points with equal impedances. It can be shown
that across one load the magnetic-loop re-
sponse adds to the electric-dipole response,
whereas across the other load the magnetic-
loop response subtracts from the electric-dipole
response. Thus, by taking the sum and differ-
ence of currents across loads at diametrically
opposite points, the magnetic-loop response
and electric-dipole response can be separated.
That is, the sum current gives a measure of the
magnetic field, whereas the difference current
gives a measure of the electric field. This de-
vice is intended not only to measure the polar-
ization ellipses of the electric-field and mag-
netic-field vector in the near-field region, but
also to measure the time-dependent Poynting
vector and describe the energy flow.

3. Using Field Strength Measurements
to Determine the Power Radiated
From an Antenna.

3.1 General, This section describes methods
for measuring the radiated power from anten-
nas under several conditions, see [B21], [B25],
[B46], [B67], and [B78]. In general, the radiated
power is calculated by comparing the mea-
sured field strength with the theoretical value
predicted for an ideal antenna having the
same height above ground,

3.2, Effective Radiated Power for a Ground-
Based Vertical Monopole Antenna. This
method is useful at frequencies below 5 MHz
for an antenna less than 1 A above ground. The
equivalent power for ground-wave transmis-
sion is determined by measuring the field
strength near the ground and at suitable dis-
tances from the antenna, see [B28] and [B46]. If
the ground is a perfect conductor, and if the ra-
diation pattern of the antenna is omni-direc-
tional in a horizontal plane, the radiated
power can be obtained by measurement of field
strength using the equation:
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(Eq 53)

E, = Field strength at 1 km radiated by the
ground-based vertical monopole an-
tenna when accepting P; W

E, = Field strength at 1 km radiated by an
ideal ground-based vertical antenna
having the same effective length as
the antenna used and a radiated
powerof P, =1 W

The field strength E, produced by an ideal
antenna is obtained from Fig 20. The relation
between field strength and antenna length
shown in Fig 20 (see [B12]) assumes an ideal
antenna having a sinusoidal current distribu-
tion.

Actually, the conditions listed above cannot
be expected in practice. Also, the accurate de-
termination of field strength at 1 km distance
is more involved than making a single mea-
surement. Possible sources of error include

(1) Determination of the ground conduec-
tivity

(2) Possibility that the field strength at a
given measuring point is not represen-
tative, but is influenced by directivity
in the radiated pattern, uneven terrain,
proximity of overhead wires, etc.

(3) Determination of the distance between
the measurement point and transmit-
ting antenna

(4) Inaccuracy of the field strength meter
and other equipment used to measure E;

In practice, measurements of field strength
are made on a number of equally-spaced radi-
als. These measurements are made along
each radial outward from the antenna in the
general direction in which the field strength is
desired. Measurements should be made at 10 to
20 evenly spaced intervals out to a distance (in
km) from the antenna of 8000/’ where f is the
operating frequency in Hz, Data should not be
taken at distances less than one wavelength
from the antenna or five times the vertical
height of the antenna, whichever is greater.

In order to determine field strength at 1 km,
the data should be plotted on log-log graph pa-
per, with the same scales as shown in Fig 21,
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with field strength as the ordinate and dis-
tance as the abscissa. The field strength and
distance may be in arbitrary units. The data
sheet is then placed over the graph shown in
Fig 21 and shifted horizontally and vertically
(keeping the vertical lines on both sheets par-
allel) to determine which one of the family of
curves best conforms to the plotted curve.
When this best fit has been established, the
line in Fig 21 marked 1/p (inverse distance),
should be traced on the data sheet and extended
until it intersects the 1 km abscissa. The value
of field strength that corresponds to that point
is the desired value of unattenuated field
strength at 1 km. If it is desired to reconstruct
Fig 21 with a different scale of coordinates, the
data given in Table 2 may be used.

The values of the ground conductivity and
the dielectric constant, of the terrain should be
computed in order to determine that the best fit,
as established above, represents a reasonable
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Fig 20
Unattenuated Field Strength at 1 km From an Ideal
Ground-Based Vertical Antenna for 1 W Radiated
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value. The numerical distance p and angle b
are related to the actual distance d expressed
in m, the free-space wavelength A in m, the ve-
locity of light ¢ expressed in m/s, the fre-
quency f in Hz, the ground conductivity ¢ in
siemens per meter, and the relative permittiv-
ity (dielectric constant) &, of the ground, as
follows:

2 n
=%—Z—, E;ﬂ% cosb {Eq 54)
W o g+l
b =2b"-b = tan! . (Eq 55)
10702 1.80.1010
x=21(}co‘£ 80f0 4} (Eq 56)
-1
tan b’ = = (Bq 57)
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Table 2 .
Relative Field Strength Versus Relative Distance From a Vertical y
Monopole Over a Plane Earth (Fig 21, Eqs 54-58)
P b=0° b=5° b=10° b=18° b=20° b=25° b=30°
0.01 99.572 98.808 98.054 97.312 96.583 95.868 95.167
0.02 49,573 40.037 48.511 47.995 47491 46.999 46.520
0.05 19.576 19.244 18.922 18.609 18.306 18.013 17.730
0.1 9.581 9.354 9.136 8,927 8.726 8.534 8.350
0.25 8.598 3.464 3.342 3.226 3118 3.016 2.920
0.5 1.617 1.538 1.466 1.399 1.337 1.280 1.228
1.0 0.6565 0.6154 0.5787 0.5456 0.5159 0.4891 0.4649
2.0 0.2199 0.2042 0.1906 0.1786 0.1680 01587 0.1504
3.0 0.1009 0.09408 0.08818 0.08304 0.07851 0.07452 0.07096
4.0 0.05384 0.05078 0.04809 0.04572 0.04360 0.04171 0.04000
5.0 0.03186 0.03047 0.02922 0.02807 0.02702 0.02606 0.02518
8.0 0.01020 0.01007 0.009925 0.009763 0.009591 0.009420 0.009245
100 0.006080 0.006044 0.005999 0.005934 0.005874 0.005819 0.005734
13.0 0.003395 0.003392 0.003380 0.003363 0.003342 0.003317 0.003289
180 0.001694 0.001694 0.001691 0.001686 0.001681 0.001673 0.001665
50.0 0.000263 0.0002063 0.0002062 0.0002061 0.0002059 0.0002056 0.0002054
p b=35° b=40° b=45° b=50° b=55° b=60° b=65°
0.01 94.483 93.816 93.166 92.535 91.923 91.330 90.759
0.02 46.054 45.601 45162 44,737 44327 43.932 43,552
0.05 17.457 17.194 16.941 16.699 16,467 16.245 16,033
01 8174 8,007 7.847 7.696 7.552 7415 7.285 —
0.25 2,830 2,746 2,667 2.593 2.524 2,459 2.398 .
0.5 1179 1.135 1.093 1.056 1.020 0.9880 0.9581 y
1.0 0.4430 0.4232 0.4052 0.3888 0.3739 0.3603 0.3479
2.0 0.1430 01364 0.1305 0.1251 0.1203 01159 01119
3.0 0.0778 0.06493 0.06236 0.06003 0.05792 0.05601 0.05426
4.0 0.03846 0.03706 0.03578 0.03461 0.03354 0.03257 0.03167
5.0 0.02436 0.02361 0.02292 0.02227 0.02168 0.02112 0.02061
8.0 0.009074 0.008905 0.008740 0.008582 0.008430 0.008282 0.008141
100 0.005644 0.005593 0.005507 0.005455 0.005356 0.005283 0.005202
130 0.003260 0.003229 0.003196 0003163 0.008130 0.003097 0.003065
180 0.001665 0.001645 0.001634 0.001623 0.001612 0.001600 0.001588
50.0 0.0002050 0.0002047 0.0002043 0.0002038 0.0002034 0.0002029 0.0002024
p b=70° b=T5° b=80° b=85° b =90°
0.01 90.208 89.679 89.172 88.687 88.226
0.02 43187 42,838 42,504 42,187 41.886
0.05 15.831 16.639 15467 15.284 16122
0.1 7163 7.047 6.938 6.836 6.740
0.26 2.342 2.289 2240 2196 2152
0.5 0.9305 0.9050 0.8816 0.8600 0.8401
1.0 0.3366 0.3263 0.3168 0.3082 0.3003
2.0 0.1083 0.1050 0.1020 0.09932 0.09684
3.0 0.05267 005122 0.04989 0.04867 0.04756
4.0 0.03084 0.03008 0.02938 0.02874 0.02815
5.0 0.02013 0.01969 0.01929 0.01891 0.01856
8.0 0.008009 0.007885 0.007764 0007652 0.007549
10.0 0.005126 0.005072 0.004998 0.004949 0.004883
13.0 0.003084 0.003003 0.002973 0.002944 0.002916
180 0.001576 0.001565 0.001553 0.001542 0.001531
50.0 0.0002019 0.0002014 0.0002008 0.0002003 0.0001998
For p > 100 (A/p =1/2 p?.
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Decay of Surface-Wave Component of

tan b" = % (Eq 58)

Using the approximations on the right of Eqs
54 and 55, ¢ and €, may be estimated from the
graphically determined values of numerical
distance p; at 1 km and angle b as follows:

o o (5:83:1079) cos b)

® )

g = xtan(h)-1 (Eq 60)

n

(Eq 59)
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the Ground Wave for a Plane Earth

These equations and Fig 21 assume a plane
homogeneous earth that limits the usefulness
of this procedure to distances not greater than
8000/f1/8 km. Due to irregularities of data
caused by terrain effects and variable conduc-
tivity, it may be difficult to determine which of
the curves represents a given condition most
accurately.

The above measurement process is repeated
in as many directions as are required to estab-
lish the complete broadcast groundwave radia-
tion pattern. Six to ten radials are usually suf-
ficient. The radius of a circle, the area of
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which is equal to the area bounded by this pat-
tern, leads to the effective unabsorbed field
strength at 1 km, This value corresponds to Ey
in Eq 53. E4 is determined from Fig 20 for an
ideal antenna having the same effective
length. The effective radiated power P, in W,
may then be computed from Eq 53.

The radiation efficiency of an antenna is
defined as the percentage of input power that is
actually radiated. That is,

ns= 100% (Eq 61)
i
where
P, = effective isotropically radiated power
(EIRP)

P; = input power to the transmitting an-
tenna terminals

3.3 Ground-Wave Effective Radiated Power
Measurements Above 5 MHz. If the field
strength of the direct wave can be measured at
a known distance d from the transmitting
antenna, the effective isotropically radiated
power (EIRP) in that direction can be deter-
mined (see [B2], [B4] and [B21]) from Eq 35 in
the form

2

EIRP = Prgy = 25 (Eq 62)
where

EIRP = effective isotropically radiated

power in a given direction, in W

Py = transmitter power, in W

g1 = gain of transmitting antenna in a
given direction

E, = free space direct-wave field
strength, in V/m

d = distance, in m

This “direct-wave” approach can also be
used below 5§ MHz when the numerical dis-
tance p is small enough that E o 1/d for E mea-
sured at the surface of the earth.

In some cases, especially at frequencies
above 200 MHz, the height, distance, and direc-
tivity can be made such that the ground-re-
flected ray is negligible and the magnitude of
the direct ray can be determined by measure-
ment of the field strength. In case the ground-
reflected ray is not negligible, it is sometimes
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possible to determine the direct ray by measur-
ing the field strength at a series of heights or a
series of distances, and averaging the mea-
sured field-strength values by either a graphi-
cal or analytical process, see [B11].

In other cases where it is not possible to avoid
the ground-reflected ray, the effective radiated
power in a given direction can be measured by
comparing the received field strength from the
antenna under test (AUT) with the field
strength received when a known amount of
power is radiated by a standard antenna of
known gain from the same transmitting an-
tenna location. This method is valid if the
vertical directivity of the AUT and standard
antenna are equal, and thus the effect of the
ground-reflected ray is the same for both
cases,

For frequencies up to about 50 MHz, a loop
antenna may be used as a standard transmit-
ting antenna., For frequencies between 25
MHz and 1 GHz, a thin half-wave dipole is a
convenient form of standard transmitting
antenna. For frequencies above 200 MHz, it is
generally desirable to use a more directive
aperture antenna or array as a standard an-
tenna, which in turn requires a determination
of its gain. (See 2.5.3 and [B5].)

The field radiated by an N-turn loop in free
space, at a distance d greater than several
wavelengths (see [B25]), is given by

TN IVAT
A2d

E, = (Eq 63)

Combining Eqs 62 and 63, an expression for
the effective power radiated by a loop in direc-
tions of maximum radiation in free space is

471 N2A21S?

EIRP = A

(Eq 64)

For a thin half-wave dipole, the power gain
relative to an isotropic radiator in directions
of maximum radiation in free space is 1.64
(see 2.5.2.2). The maximum effective power
radiated is therefore 1.64 times the power input
to the dipole. In general, the EIRP in the direc-
tion of maximum radiation in free space is the
power gain of the standard antenna multiplied
by the power input to the antenna.

If the path geometry and vertical directivity
of a standard antenna and the AUT are such
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that the ground-reflected ray has the same
effect on the resultant field, the EIRP in a
given direction is determined by measuring
the ratio between the field strengths produced
by the AUT and by the standard antenna. The
effective power of the AUT is given by

(Eq 65)

(EIRP)x = (%)z (EIRP)s

where
(EIRP), = effective radiated power of the
AUT in the direction of mea-
surement.
field strength produced by the
transmitter and AUT in the
direction of measurement.
field strength at the same point
produced by a known effective
power radiated by the standard
antenna over the same prop-
agation path.
effective power radiated by the
standard antenna oriented for
maximum radiation in the di-
rection of measurement. The
value of (EIRP), is given by the
product of power input and gain
for the standard antenna.

E, =

E; =

(EIRP),

Since only the ratio (Ey/E,) is required, it is
sufficient to measure only relative values of
E4 and E4. This comparison method, while
simple in theory, requires considerable care
in taking the data. One difficulty is prevent-
ing distortion of the pattern of the standard
antenna by undesired coupling with the AUT
or with the structure on which it is mounted.

In determining the ratio of field strengths
produced in a given direction when power is
fed alternately to a standard transmitting
antenna and the AUT, it is desirable to make
measurements at several locations along the
radial in order to obtain an average value for
the ratio.

When a half-wave dipole is used as the
standard transmitting antenna, it may be fed
through a coaxial cable if a balun is used. The
balun should match the dipole impedance to the
cable and system impedance, and its insertion
loss should be measured. This can be conve-
niently accomplished in practice by measur-
ing the insertion loss of two identical baluns
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back-to-back and dividing the result by 2 (or
subtracting 3 dB). The dipole should be located
at a height above ground equal to the height of
the electric center of the AUT, The distance to
the receiving point should be great enough so
that a small movement of the dipole with re-
spect to the AUT produces no appreciable
change of field strength at the receiving point.
If the standard antenna is mounted on a con-
ducting tower, field perturbation may be
caused by currents induced on the tower. Metal
tower guy wires can cause similar effects. It
has been found that a horizontal separation
between the two transmitting antennas of at
least twice the greatest dimension of either
antenna is required.

Another method for calculating the effective
radiated power of a transmitting antenna is to
multiply the measured power input to the an-
tenna by the antenna gain. The power input
can be determined by measurements in the
transmission line to the antenna (preferably
near the antenna), and the gain can be deter-
mined by one of the methods described in
2,5.3.2 and [B8]. In the special case of stacked
arrays used for TV and FM broadcasting, the
common practice is to measure the vertical
pattern by mounting the antenna array hori-
zontally on a turntable located on a large area
of flat ground free of obstructions that might
produce spurious reflections. Interactions due
to reflection from the ground immediately un-
der the array may be minimized by the use of
“space cloth” supported about 1/4 wavelength
above ground. (Space cloth is material with the
characteristic impedance of free space: Mg.)

-After the array is mounted on the tower where

it is to be used, the horizontal pattern can be
measured with the aid of a blimp, airplane, or
helicopter, see [B13], [B411, and [B821.

3.4 Effective Isotropically-Radiated Power for
Ionospheric Wave Transmission. In the fre-
quency range of 2-30 MHz, the ionospheric
wave (also called sky wave) is often predomi-
nant over the ground wave at distances suffi-
ciently far from the transmitter. In this case,
the received radiation is usually greater at
some angle to the horizon than it is along the
horizon. Thus, antenna measurements made
near the ground are not necessarily indicative
of the primary path used for the transmission,
see [B23], [B28], and [B80]., A method used ex-
tensively under these circumstances involves
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determining the amount of power that must be
transmitted by a standard antenna, such as a
thin half-wave dipole, to produce the same
field strength at the distant receiving point as
established by the AUT. The comparison
dipole should be oriented for the same polar-
ization as that of the AUT. The height and ori-
entation (horizontal or vertical) of the compar-
ison dipole should be stated in reporting the
data, together with other information such as
the ground constants at the transmitting site.
The location of the comparison dipole should
be such that its radiation is not affected by the
presence of the AUT or other nearby antennas
or by obstacles such as buildings, towers,
transmission lines, ete.

The general procedure is to transmit alter-
nately at short intervals (from a second to sev-
eral minutes) on the standard dipole and the
AUT with known power levels into each, and
record the received field strength at the distant
measurement point so as to average out the ef-
fects of fading. This technique can also be
used to measure the relative gain of receiving
antennas by switching receiving antennas at
10 s intervals and using a sampling algo-
rithm, see [B41]. Since the status of the
ionosphere is variable with time of day, the
measurements should be made over the
various hours of interest.

4, Transmitting Antenna Effectiveness
in Ground-Wave Transmission
and Equivalent Gain.

4.1 Relative Communication Efficiency
(RCE). The effectiveness of a test antenna in
launching a ground wave can be determined
by first calculating a ratio called the RCE (see
[B29]) that compares the test antenna with a
short dipole as each radiates from the same
point of transmission. A procedure for com-
puting the RCE at a distance d from the
transmission point is given in [B26] using the
expression

E|2 P,
RCE = Li—d
AR
where
E, = electric field strength at distance d

from the test antenna, in V/m
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P, = power delivered to the test antenna to
establish E,, in W

E4 = electric field strength at distance d
from the short dipole, in V/m

P; = power delivered to the short dipole to

establish Eg, in W

In [B50], the quantities Ey, P;, B4, and Py are
computed by an antenna algorithm based on
values for these quantities previously obtained
from the computer program Numerical
Electromagnetics Code, version 3 (NEC-3), see
[B161-[B18]. Parameters required for comput-
ing E, Py, Eg, and Pq are the ground conduc-
tivity, ground relative permittivity (dielectric
constant), frequency, azimuth, and the geome-
tries of the test antenna and short dipole, in-
cluding their height above ground.

4.2 Equivalent Gain. An equivalent gain is
defined in [B26] as a measure of the effective-
ness of the test antenna in transmitting
ground waves. This equivalent gain is ob-
tained by multiplying the RCE by the gain of a
short dipole antenna at the surface of a lossy
ground g4 given in [B84] as

E2d?

8 =g par (B

where

E, in mV/m, is established by the dipole at a
distance d in km, with a dipole input power P
in kW,

The term A is the Norton approximation (see
[B70]) to the Sommerfeld attenuation function
(see [B81]), and takes into account the effect of
ground loss.

The antenna algorithm computes g4 using
the ground and antenna parameters required
in evaluating the RCE. The product of Eqs 66
and 67 is the equivalent gain g, of the test an-
tenna over a lossy ground and referenced to
an isotropic radiator in free space. In dB rela-
tive to an isotropic antenna, G, = 10 logi oge:

Ge(dBi) = G4(dBi) + RCE(dB) (Eq 68)

The term A (see pages 804—805 in [B84])is a
function of the parameters given in Eqs 54-58
and is the same quantity that is plotted in Fig
19 as “relative field strength,” The common
source of these relationships is Norton’s anal-
ysis of propagation over a lossy ground, see
[(B701.
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5. Miscellaneous

5.1 Presentation of Field Strength Measure-
ment Data. In view of the several factors that
influence measured values of field strength,
information about the following should be
provided (see [B20]-[B22]):

(1) The field component measured

(2) The measurement location and an-
tenna setup, including topography, elec-
trical properties of the ground, prox-
imity of disturbing structures, orienta-
tion of the receiving antenna, its height
above ground, etc.

The measuring equipment and pro-
cedure

In case of fading fields, the time distri-
bution of field strengths throughout the
time occupied by the measurements

For measurements made near the
ground, a statement of which field was
measured, i.e., incident or resultant
Estimated accuracy of the measure-
ment

For modulated waves, the bandwidth
and detector characteristics of the re-
ceiver

The background noise level and sig-
nal-to-noise ratio during the test

3
4

6))

(6)
4]

€))

5.2 Automatic Recording of Data, When mea-
suring fields of variable strength, such as
ionospheric fields and electromagnetic noise
fields, the acquisition of data is facilitated by
using automatic recording methods, see [B20],
[B35], [B41], [B80], and [B90]. The rectified out-
put of the receiver intermediate-frequency (IF)
amplifier is often used for automatic gain
control (AGC) and also for operating a
recorder. A logarithmic (dB) relation between
the recorder deflection and field strength is
convenient in view of the great variation of
signal strength often encountered. The opti-
mum time constant for the recorded data de-
pends on the use to be made of the data. For ex-
ample, one common use is to show the effects of
variation in the transmission medium from
hour to hour, season to season, etc.

One useful presentation of measured data
for fading fields is a graph of field strength
values exceeded for various percentages of the
time. The distribution of field strengths over a
short time will usually correspond to the
Rayleigh distribution curve (see [B74]) and
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will remain the same for time periods during
which absorption, turbulence, and path
geometry remain constant (i.e., for periods of
a few minutes up to one hour). The variations
caused by changes in the propagation medium
are usually much larger than the short-time
variations due to phase interference. An inte-
grating circuit of about 1 min charge and dis-
charge time constant is useful for many pur-
poses. It is often desirable to plot field strength
versus percent-of-time distribution curves by
means of automatic analyzing equipment,
The curves indicate the total time that the field
strength has been equal to or greater than each
of several calibrated field-strength levels, see
(B35].

For propagation studies, it is desirable to
have a site with a low ambient noise level that
is free of disturbing reflections. Continuous
recording for determining wave propagation
in connection with a broadcast service in the
frequency range 3 MHz to 1 GHz is generally
made with receiving antennas 30 ft above
ground. Automatic field-strength recording
equipment may also be operated in a moving
vehicle (see [B32], [B43], and [B73]) to correlate
field strength data with distance, azimuth, or
geographical location. If a peak-reading de-
tector is used for pulse-modulated transmis-
sions, the overall time constant of detector and
recorder should be such as to indicate the peaks
of the pulses but not the peaks of any standing-
wave pattern through which the vehicle passes.
The standing-wave pattern is a function of
both the signal frequency and speed of the ve-
hicle. Modern data-acquisition systems in-
volve analog-to-digital (A/D) conversion and
magnetic or optical storage of the data. The
data from such systems can be digitally pro-
cessed to simulate various detectors and time
constants.

5.3 Accuracy of Field Strength Measurements,
The accuracy attainable in practice depends
not only on the technique and instrumentation
used but also on the conditions under which the
measurements are made, see [B10], [B21],
[B39]. Assuming ideal facilities (weather, per-
sonnel, ete.) an accuracy of +1/4 dB can be at-
tained for H field calibrations at frequencies
below 5 MHz. The error increases to £1 dB for
E field measurements at frequencies above 30
MHz. Under field operating conditions, the
errors are often greater. It is desirable that
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any reported data be accompanied by a state-
ment of the estimated accuracy of measure-
ment.

Table 3 gives a summary of typical echelon
designations of accuracy for field strength
measurements and calibrations. Tables 4-6
list the estimated accuracies available in each
of the three echelons over the designated
ranges of magnitude and frequency. Ex-
perience in actual comparisons of accuracy
between the echelons is very limited, both in
the number of comparisons and in the range of

IEEE STANDARD METHODS FOR MEASURING ELECTROMAGNETIC

magnitudes and frequencies that have been
compared, The values given in the tables are
based on the combined information and
judgment of the members of the Subcommittee
on Field Strength Measurement of the Wave
Propagation Standards Committee of the IEEE
Antennas and Propagation Society. In some
cases, there is partial overlapping of the
ranges of values given for two echelons. At a
given magnitude and frequency, a higher
echelon is always expected to have the higher
accuracy.

®

Table 8

Echelon Designations for Levels of Field Strength Calibration Accuracy

Accuracy of  Calibration Typical Agencies or Facilities Reference Standards Used
Designation  Description Operating at This Level or Maintained at This Level
Echelon 1 Highest Specialized laboratories, including Direct reference standards may be
available government agencies. In the USA, the established, or calibration may be
within a National Institute of Standards and performed with other parameters for which
country Technology for electrical quantities. standards exist, such as frequency, length,
and time,

Echelon I Intermediate Standards laboratories or universities, Standards calibrated by agency operating
level, which  military services, industrial research and at the Echelon I level of accuracy. Other
may be development laboratories, and standard standards of reduced accuracy may be
divided into  laboratories of instrument manufacturers. obtained by calibrations within the Echelon
sublevels II level of accuracy. The number of

permissible sublevels is limited by the
accuracy required in Echelon III
operations.

Echelon III Levels at 1) Production line test departments and Standards calibrated with an accuracy
which service departments of instrument level obtained at the Echelon II level.
measuring manufacturers The reference standard used should be cited
instruments . . . in a calibration certificate.
are 2) Instrument repair and calibration
calibrated facilities of instrument users
prior to use by
the ultimate
customer

Table 4

Echelon I Agency

Accuracies Attainable for Calibration of Continuous-Wave Field Strength

(This agency calibrates in terms of the national standards.)

Frequency 30 MHz to 1000 MHz
Range 30 Hz to 5 MHz 5 MHz to 30 MHz 1000 MHz and above
Loop Short Monopole Loop Short Monopole
Antenna, Antenna, Antenna, Antenna,
V/m + Percent + Percent + Percent + Percent + Percent
10610104 6t08 Calibration 81010 Calibration 161017 Calibration
1040102 4t06 gervice 6t08 service 13tol5 service .
102t01 3to4 not 5to6 not 121013 not
11010 4t0b available 6to7 available 18t014 available 4
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) Table 5
0’ Accuracies Attainable for Calibration of Continuous-Wave Field Strength
' Echelon IT Agencies — Standards Laboratories of Manufacturers
of Field-Strength Meters, Government Agencies, etc.

(These agencies use standards calibrated by Echelon I agencies to calibrate other standards.)

Frequency 30 MHz to 1000 MHz to
Range 10 kHz to 5 MHz 5 MHz to 30 MHz 1000 MHz 10 000 MHz
Loop Short Monopole Loop Short Monopole
Antenna, Antenna, Antenna, Antenna,

V/m + Percent + Percent + Percent + Percent + Percent + Percent
10810104 7t010 101025 9t0 20 15t040 161025 161025
10410102 Bto7 10t025 71010 151030 141020 14t020

102101 4105 10t025 6108 15030 13t015 13t015
1t010 5t06 10t0 25 8toll 15t 30 165t017 15t017
Table 6

Accuracies Attainable for Calibration of Continuous-Wave Field Strength
Echelon III Agencies — Manufacturers of Field-Strength Meters,
and Maintenance Areas of Users

(These agencies calibrate equipment for ultimate users
Z in terms of standards obtained from Echelon II agencies. The calibration
O accuracies listed above should be attained in production-line field strength meters,)

Frequency
Range 10 kHz to 5§ MHz 6 MHz to 30 MHz 30 MHz to 1000 MHz* 1000 MHz to 10 000 MHz*
Short Short
Loop Monopole Loop Monopole
Antenna, Antenna, Antenna, Antenna,

Vim + Percent + Percent + Percent  * Percent + Percent +dB + Percent +dB
106t0104 101020 15t040 15t040 20t0 40 2010 50 15t 3.5 301050 25t03.5
10%t010? 7018 10t0 30 101020 20t040 201040 15t03 30to 50 25085

102to1 5t010 101030 8tol5 201040 201040 165t038 30t0 50 25t03.5
1t010 81012 151040 12018 201040 201040 1503 301050 2.5t03.5

*Both percentage and dB values are included because the percentage figures are rather large.
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